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Chapter 1
Introduction
In recent years research on nitride semiconductors has made a dramatic step
forward, culminating in 1994 with the commercial introduction of extremely
bright light emitting diodes (LEDs) based on gallium nitride, operating in
the green-to-ultraviolet range [1]. Since that time progress has been very
rapid, opening wide possibilities for (opto)electronic applications. However,
the understanding of the basic processes in GaN-based devices is still far
behind technology, pushing thousands of researchers all over the world to
study fundamental properties of this material.
1.1 GaN
There are two fundamental reasons for which nitrides are successively ap-
plied for blue-light sources. The foremost one is the large direct bandgap
associated with the Al-Ga-In-N system, which covers the entire visible spec-
trum [2] (see Fig. 1.1). The other main advantage in favor of the nitrides is
the strong chemical bonding within the crystal, which makes the material
very resistant to degradation under conditions of high electric currents and
intense light illumination. The main reason for this property is the difficulty
in developing dislocations once the material is grown, thus removing one of
the main mechanisms of degradation observed in other III-V compounds.
The III-nitrides (InN, GaN, AlN) and their solid solutions are now being
widely developed for opto-electronic devices, including applications such as
short-wavelength laser diodes and light emitters in emerging technologies
like optical storage and full-color displays [3]. The nitrides are also being
pursued for high-temperature, high-power electronics due to GaN’s high
1
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Figure 1.1: The bandgap energies and the chemical bond lengths of
compound semiconductors that emit in the visible range of the elec-
tromagnetic spectrum [2].
electron saturation velocity, wide bandgap, high thermal conductivity and
the possibility of heterojunction-based devices [4].
As a polar hexagonal material, GaN exhibits a polarity-dependent spon-
taneous polarization and, in addition to that, strong piezoelectric effects.
Theoretical calculations show that spontaneous and piezoelectric polariza-
tions in nitride heterostructures not only have to be taken into account for
a proper description of the physical properties, but also provide an addi-
tional degree of freedom in the design of III-nitrides electronic devices [5].
Therefore, polarity- and polarization-related phenomena in GaN are widely
studied at present.
An obvious drawback of the nitrides is the absence of large GaN sub-
strates for high-quality homoepitaxy. Up to now all commercially available
nitride-based devices are grown on foreign substrates by using heteroepi-
taxial growth methods. Unfortunately, the choice of substrates is limited,
as they must be stable at the required high growth temperatures (up to
∼ 1200◦). There are only a few substrates available for the heteroepitaxy,
1.2 Historical development of GaN materials and devices 3
of which the most commonly used are sapphire (α-Al2O3), silicon carbide
(6H-SiC or 4H-SiC) and Si (111). The large differences in lattice parameters
and linear expansion coefficients of GaN relative to these substrates, make
fabrication of high-quality nitride-based devices very challenging [6]. At
present, typical values of dislocation densities in heteroepitaxial layers are
>108 cm−2, and background free carrier concentrations n >1016 cm−3 [7].
However recently, the development of GaN homoepitaxy on small GaN
single crystals, fabricated by high-pressure high-temperature growth from a
solution of atomic nitrogen in liquid gallium [8], has become very important,
especially for fundamental studies of ”ideal” (i.e. almost stress-free and with
a low dislocation density of < 103 cm−2) GaN layers. Unfortunately, these
GaN substrates are not widely available and have rather small surface areas
(< 1.0 cm2). Therefore, there is a considerable interest in developing new
growth techniques, such as hydride vapor phase epitaxy (HVPE), for the
growth of large (up to 3”) and thick (300 − 400 µm) GaN crystals, which
would lead to a fabrication of native GaN substrates on commercial scale [9].
The growth of sufficient-quality GaN by HVPE started to be possible only
in the last few years, inspiring intense research on the properties of HVPE
materials and its to epitaxial growth.
Despite of the large scientific and technological effort, a significant im-
provement of hetero- and homoepitaxial growth is still required. Further
investigation of polarity-related effects, formation of defects and disloca-
tions, doping and alloying phenomena is needed in order to explore the full
potential of III-V nitrides for various (opto)electronic applications [4, 7].
1.2 Historical development of GaN materials and
devices
1.2.1 An early start with a dead end . . . ?
The III-V nitrides are not really novel materials. AlN was already reported
in 1907, and it is believed to be one of the first III-V compound semiconduc-
tors ever synthesized [10]. The crystalline structure of GaN was described in
1937 [11] and growth of GaN crystalline thin epitaxial films was reported in
1969 [12]. Three important milestones were achieved in 1971. First, Pankove
and coworkers reported metal-insulator-semiconductor light emitting diodes
(LEDs), made of GaN thin films [13]. The same year, Manasevit succeeded
for the first time in the growth of GaN with metal-organic chemical vapor
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deposition (MOCVD), a method that is still widely used today [14]. This
method is also used for the growth of the majority of samples described in
this thesis. Finally, Dingle and coworkers reported stimulated light emission
from needles of GaN single crystals at a temperature of 2 K, establishing
the prospect of ultraviolet semiconductor injection lasers [15].
The main obstacles to be overcome in making practical nitride-based
devices refer to difficulties of growing smooth films, in controlling n-type
conductivity, in producing p-type material, and in growing AlGaN and In-
GaN alloys. Initially, the films were rough and fractured, features attributed
to three-dimensional nucleation. These obstacles appeared insurmountable
for many years, which is why the nitrides were largely ignored in favor of
other large-bandgap materials like SiC and II-VI materials.
1.2.2 From an amorphous buffer to high quality epitaxial
layers
Because lattice-matched substrates both now and in the past are not readily
available, mastering epitaxy on foreign substrates is considered essential to
control the chemical purity of GaN and to minimize structural imperfec-
tions in the lattice. Both, unwanted impurities and dislocations, are known
to have adverse effects on optoelectronic properties of semiconducting mate-
rials (such as e.g. the quantum efficiency of light emission). The growth of
GaN on sapphire substrates resulted in low-quality material full of defects,
with a high background free carrier concentration and with a rough mor-
phology. In the search for improved properties, Yoshida showed that an AlN
intermediate layer between sapphire substrate and epitaxial film increases
the efficiency of cathodoluminescence of the films [16]. Deposition of a low-
temperature nucleation (or buffer) layer, although amorphous and therefore
by far not of as high quality as the desired film, allowed for continuous
coverage of the substrate and overcame the wetting obstacles related to sur-
face and interface energetics. Using this AlN low-temperature buffer layer
on sapphire substrates, Amano and Akasaki grew the first smooth surface
of GaN films in 1986 [17], demonstrating that two-dimensional nucleation
in nitride epitaxy could be achieved and thereby bringing about a signifi-
cant improvement in the electrical and luminescent properties of the films.
Later on, a low-temperature GaN buffer was even more successively used by
Nakamura [18].
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1.2.3 P-type GaN enables fabrication of the first LEDs
In the same year (1986), Amano and coworkers demonstrated that silane
(SiH4) could be used as an effective and controllable n-type doping [17],
whereas making p-type GaN films took a few more years. Magnesium was
expected to be a good shallow acceptor, but although it was possible to
incorporate large amount of Mg in GaN, it did not effectively introduce hole
charge carriers due to passivation with unintentional hydrogen impurities.
In 1989, Amano and Akasaki demonstrated that low-energy electron irra-
diation activates magnesium-doped GaN films, achieving a concentration of
holes of 1016 cm−3. This p-type carrier density was sufficient to produce
the first p-n junction-based blue light emitting diodes [19]. In 1992, Naka-
mura showed that sufficiently high hole concentrations could be achieved by
thermal annealing these Mg-doped GaN layers after growth [20]. The de-
velopment of extremely thin (quantum-well) layers composed of indium-rich
nitrides by Nakamura brought additional performance enhancement, culmi-
nating in the announcement by Nichia Chemical Industries in November
1993 of the realization of a bright blue LED and plans for its mass pro-
duction [1, 21]. The first blue LEDs based on the III-V nitrides were made
commercially available by Nishia in early 1994.
1.2.4 First laser diodes
Once the excitement created by the ”super bright” LEDs had began to
diminish, it became clear that the next challenge was to realize the more
difficult target of a room-temperature nitride laser diode (LD). Although
a number of reports on stimulated emission in optically pumped structures
appeared in 1991-1995 [22–25], the goal of an electrically injected device
was reached not earlier than at the end of 1995 by Nakamura and colleagues
at Nichia [26]. Their spectacular work was first reported on Japanese TV,
then published in Japanese Journal of Applied Physics in January 1996.
This achievement was followed by a rapid improvement in the performance
of the lasers. Furthemore, Akasaki et al. fabricated a laser diode emitting at
a wavelength of 376 nm in the same year [27], which still remains the electron
injection laser with the shortest wavelength that has ever been made so far.
Finally, in 1998, Nakamura demonstrated a room-temperature continuous
wave (CW) laser emitting at 400 nm with a lifetime of more than 10 000
h [28].
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1.2.5 More power and higher temperatures
The last few years brought new perspectives in the development of GaN-
based devices, this time concerning high-power and high-temperature elec-
tronics [4]. An ideal semiconductor material for power applications should
possess excellent transport and thermal properties, a high breakdown volt-
age, chemical inertness, mechanical stability, and should allow for the fab-
rication of both unipolar and bipolar devices. The III-nitride compounds
successively fulfill most of these demands. The first GaN-based transis-
tors were already demonstrated in 1993-1994 [29, 30], but recent develop-
ments led to many new exciting achievements. The electron mobility in the
two-dimensional electron gas at the GaN/AlGaN interface exceeds 10000
cm2/Vs at cryogenic temperatures and reaches 2000 cm2/Vs at room tem-
perature [31]. The maximum density of the two-dimensional electron gas
at the GaN/AlGaN heterointerface or in GaN/AlGaN quantum well struc-
tures can exceed 6×1013 cm−2, which is more than one order of magnitude
higher than that for traditional GaAs/AlGaAs heterostructures [31]. The
mobility × sheet − carrier − concentration product can be effectively en-
hanced not only by doping of the conducting channels but also by using
the strong built-in electric fields in nitride heterostructures. Additionally, a
very fruitful combination of high current values (over 20 A/mm) with very
high breakdown voltages (several thousands volts are expected) makes the
nitrides outgoing candidates for high electron mobility transistors at high
temperatures, high power, and/or a harsh environment [4, 32].
1.3 Scope of the thesis
This thesis deals with material and optical properties of III-nitrides to gain
more insight of fundamental processes in these materials, particularly em-
phasizing on the remaining challenges in GaN-based devices. Most experi-
ments were performed using photoluminescence (PL) spectroscopy and op-
tical reflectance techniques. In order to correlate the observed PL features
to the electronic structure, impurities and defects in GaN, complementary
information was obtained from secondary ion mass spectrometry (SIMS),
transmission electron microscopy (TEM), capacitance-voltage (CV) profil-
ing and photo-electrochemical etching (PEC).
To facilitate reading of the thesis, Chapter 2 introduces the fundamentals
of the crystal and electronic structure of GaN, highlighting its peculiarities
compared to that of conventional III-V and II-VI semiconductor compounds.
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Chapter 3 discusses in detail the experimental techniques used for optical
characterizations and contains a general introduction into the physics of
excitons in III-nitrides. Considering the extreme importance of improving
the quality of heteroepitaxial GaN layers, some examples of a tight collab-
oration between the growers and the characterization team will be given in
Chapter 4, which discusses progresses and innovatives in MOCVD growth
of GaN films on sapphire and silicon substrates. Chapter 5 deals with the
photoluminescence properties of homoepitaxial GaN. The growth of smooth
N-face GaN films enables the comparative study of GaN of two polarities
(Ga- and N-face), revealing different affinities to impurity incorporation as
also confirmed by SIMS measurements. Chapter 6 is devoted to a study of
thick HVPE grown GaN layers, which are very promising for future applica-
tion as substrates. The HVPE films show a surprisingly good optical qual-
ity making correlation between detected PL lines and structural defects in
this material possible. Finally, our first AlGaN/GaN quantum wells (QWs)
structures are introduced and discussed in Chapter 7. In particular, the last
chapter presents a PL investigation of polarization-induced effects and their
influence on GaN-based heterostructures. Screening of the piezoelectric field
in one of the QWs due to a high unintentional doping is revealed by CV
measurements.
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Chapter 2
Basic properties of
III-nitrides
Two basic properties of the N atom, namely, its size and the nature of the
chemical bond between N and the relevant metal atom, account for the most
striking differences between the nitrides and the other III-V compound semi-
conductors, coloring the whole physics, technology and applications of the
nitrides. Therefore, a short introduction to the basic physical and electronic
properties of the nitrides will be highlighted and discussed in the present
chapter.
2.1 Crystal structure
2.1.1 Crystal symmetry and lattice parameters
The relatively small size of nitrogen compared to the group-III metal-atoms
determines the thermodynamically stable crystal structure for all nitrides
(AlN, GaN, InN), being a wurzite [1]. The hexagonal structure of the ni-
trides is similar to that of well-known II-VI compounds, i.e. CdS, ZnS and
CdSe, and is usually described by the edge length a0 of the basal hexagon
and the height c0 of the hexagonal prism (see Fig. 2.1). Moreover, the small
radius of N-atoms (0.7 A˚) [2] leads to significantly reduced lattice parameters
in the nitrides as compared to those of GaAs and other III-V compounds. It
should be pointed out that nitrogen is more electronegative than the other
group-V atoms, enhancing thereby the ionicity of the chemical bond.
InN, GaN and AlN have different lattice constants and bandgaps, due to
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Figure 2.1: The wurtzite crystal structure of GaN.
the difference in ionic radii of the group-III atoms (Al3+: 0.39 A˚, Ga3+: 0.47
A˚, In3+: 0.79 A˚) [1, 3]. The basic structural parameters of the III-nitride
materials are summarized in Table 2.1 [1,3]. Significant variations of carrier
density, lattice mismatch, stoichiometry and strain in III-nitrides result in
a large spreading in the measured values of the lattice parameters.
It is worth mentioning that GaN can also exist in zinc-blende and even
in rock-salt lattices, provided that it is grown with special conditions and on
Wurtzite AlN GaN InN
a0 (A˚) 3.112 ± 0.002 3.1892 ± 0.0009 3.540 ± 0.008
c0 (A˚) 4.980 ± 0.002 5.1850 ± 0.0005 5.8 4 ± 0.01
c0/a0 (exp.) 1.601 ± 0.001 1.6258 ± 0.0006 1.615 ± 0.008
c0/a0 (calc.) 1.6190 1.6336 1.6270
Table 2.1: Basic structural parameters of III-nitrides (Ref. [1, 3]).
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substrates with the corresponding crystallographic symmetries. The char-
acterization and discussion of these crystallographic modifications of GaN
are beyond the scope of this thesis and will be not considered.
2.1.2 Polarity
GaN is a polar material of which the [0001] direction is, by convention, cho-
sen to point from the cation (group III element) to the anion (nitrogen) as
shown for wurtzite lattice in Fig. 2.1. The two most common growth di-
rections of hexagonal GaN are normal to the {0001} basal plane, where the
atoms are arranged in bilayers consisting of two closely spaced hexagonal
layers. By Ga-face layer we mean Ga on the top position of the {0001}
bilayer, which corresponds to the [0001] polarity, where N-face layer con-
sequently means the [0001] polarity (fig. 2.2). The crystal face does not
obligatory mean the termination (which describes a surface property). A
Ga-face surface might be N-terminated if it is covered with nitrogen atoms,
but it will never be N-faced without flipping the crystal.
Both bulk and surface properties of the nitrides depend significantly on
the sign of the polarity. N-face films usually show rough surface morphology,
high incorporation of oxygen-impurities, and a large amount of inversion do-
mains. However, they can be chemically etched and reveal lower dislocation
densities [4]. In contrast, Ga-face layers have smooth surfaces and are elec-
[0
00
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Ga
Ga
N
N
N
Ga
N
Ga
N-face
Ga
N
N
N
Ga
Ga
Ga
N
Ga-face
[0001]
Figure 2.2: Different polarities (N- and Ga-faces) of wurtzite GaN.
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trically more resistive, but they appear to be chemically inert, which makes
their processing more difficult [5].
2.1.3 Spontaneous polarization and piezoelectric constants
of III-V nitrides
As a consequence of the hexagonal polar (wurtzite) structure, the III-nitrides
have both a spontaneous and a piezoelectric components of the polarization.
While the piezoelectric effects in other III-V compounds are widely used,
the spontaneously induced electric fields are rather new for semiconductors.
The spontaneous polarization is a non-zero polarization under equilibrium
(unstrained) conditions of the lattice. Unlike piezoelectric polarization, it
has a fixed direction in the crystal, along the <0001> axis in wurtzites and
its size depends on the polarity and the composition of the sample. It can
be considered as a permanent strain-independent built-in electrostatic field
that provides a new degree of freedom, especially for developing GaN-based
devices. The spontaneous polarization in the crystal is expressed as
Peq = P eqzˆ, (2.1)
were zˆ points in the [0001] direction. The values of P eq were calculated in
Ref. [3] and are listed in Table 2.2.
Our consideration here will be restricted to the piezoelectric polarization
along the (0001) axis, which is the most common growth direction for both
bulk material and superlattices. The piezoelectric polarization is expressed
via the piezoelectric coefficients e33 and e31 as
δP = e333 + e31(1 + 2), (2.2)
where 3 = (c− c0)/c0 is the strain along the c axis, and the in-plane strain
1 = 2 = (a− a0)/a0 is assumed to be isotropic [3]. The third independent
component of the piezoelectric tensor, e15, is related to the polarization
induced by a shear strain and is not considered in this thesis.
The spontaneous polarization and piezoelectric constants of the III-V
nitrides were calculated ab initio by Bernardini et al. in Ref. [3] (summarized
in Table 2.2) and exhibit rather striking and unusual properties:
• The absolute values of the piezoelectric constants are up to about ten
times larger than that in conventional III-V and II-VI compounds and
only three times smaller than those in ferroelectrics [6];
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• The spontaneous polarization, i.e., the polarization at zero strain, is
also very large. That of AlN, in particular, is only 3-5 times smaller
compared to that of typical ferroelectric perovskites [7].
• The electric fields produced by spontaneous and piezoelectric polariza-
tions in AlGaN/GaN heterostructures are predicted to have approxi-
mately the same strength [8, 9].
Since polarization properties strongly depend on the structural parameters
of the material, there are some quantitative differences in spontaneous po-
larization of AlN, GaN, and InN. For instance, going from GaN to InN and
further to AlN, leads to an increase in spontaneous polarization. In addi-
tion, the piezoelectric constants for AlN and InN were found to be larger
P eq (C/m2) e33 (C/m
2) e31 (C/m
2)
GaN -0.029 0.73 -0.49
InN -0.032 0.97 -0.57
AlN -0.081 1.46 -0.60
GaAs - -0.12 0.06
InAs - -0.03 0.01
AlAs - -0.01 0.01
InP - 0.04 -0.02
ZnS - 0.10 -0.05
ZnSe - 0.04 -0.02
CdTe - 0.03 -0.01
ZnO -0.057 0.89 -0.51
BeO -0.045 0.02 -0.02
Table 2.2: Spontaneous polarization (P eq) and piezoelectric con-
stants e33 and e31 for wurtzite nitrides, zinc-blende compounds and
II-VI wurtzite oxides [3].
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than the corresponding value for GaN. Therefore, the built-in electric fields
resulting from the polarization discontinuities at heterointerfaces have to be
taken into account for proper calculations of band edges and carrier confine-
ment in quantum well and heterojunction structures (for further discussion
see Chapter 7).
2.2 Electronic properties
2.2.1 Band structure
GaN is a direct bandgap semiconductor. It’s conduction band minimum
is located at the center of the Brillouin zone (Γ−point, k = 0), and has a
Γ7−symmetry with quantum number Jz =1/2. The threefold degeneracy of
the valence-band near k=0 is lifted as a result of the crystal-field interaction
(∆CR) and spin-orbit coupling (∆SO) as shown in Fig. 2.3.
The band structure of GaN has been calculated by several groups and
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Figure 2.3: The electronic band structure of wurtzite GaN near
k = 0 (the Γ point of the first Brillouin zone).
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the results have been recently reviewed by Lambrecht [10]. However, it
became apparent that the determination of the band structure parameters
is complicated due to the existence of residual strain in most of the available
GaN samples. Even bulk single crystals suffer from the effect of strain and
the complex defect structure.
The introduction of strain changes the lattice parameters and in some
cases the symmetry of the material, which in turn, generates variations of
the electronic band structure [11, 12]. It is in general difficult to separate
strain effects caused by the mismatch of the lattice parameters and the ones
due to the thermal expansion mismatch of epilayer and substrate, in order to
exactly determine their influences on the optical properties of GaN epitaxial
layers. The overall effect of residual strain generated in GaN grown on
sapphire is compressive and results in an increase of the bandgap up to 30
meV in extreme cases. The stress induced in GaN grown on SiC and Si(111)
appears to be tensile, leading to a reduction of the bandgap by ≈ 10−20
meV [12, 13].
The relative positions of the three valence bands of GaN can be related
to the spin-orbit coupling ∆SO and the crystal-field interaction ∆CR by the
quasicubic model, originally developed by Hopfield [14] to interpret similar
data from II-VI compounds. The energy splittings were found to be:
E± =
1
2
(
(∆SO + ∆CR)±
[
(∆SO + ∆CR)
2 −
8
3
∆SO∆CR
]1/2)
, (2.3)
where
E+ = (EC −EA) and E− = (EB −EA). (2.4)
This, in principle, allows one to derive ∆SO and ∆CR from measuring the
three band-edge energies. However in practice, there are some difficulties.
First, there is a wide spread in the exciton position energies and there are
no reliable data on the binding energies of the B and C excitons (for the
further details see Chapter 3.2.1). Second, Eq. 2.4 is symmetrical in ∆SO and
∆CR, so it is impossible a priori to distinguish between two different ∆’s. It
appears that the derived values of ∆ are extremely sensitive to the measured
exciton energy positions. Since changes in ∆CR response to the axial strain,
while ∆SO should remain essentially independent of sample, one can derive
relatively reliable ∆−values by simultaneous fitting the experimental data
of differently strained films [11]. Table 2.3 summarizes the most extended
studies of the valence band splitting in wurtzite GaN.
16 Basic properties of III-nitrides
∆SO (meV) ∆CR (meV) References
11 22 Dingle (1971) [15]
17 13−37 (≈ 15 for unstrained GaN) Tchounkeu (1996),
Orton (1997) [16, 17]
18 15 Shikanai(1997),
Volm(1996) [12, 18]
Table 2.3: Spin-orbit coupling (∆SO) and crystal-field splitting
(∆CR) in wurtzite GaN.
2.2.2 Temperature dependence of the fundamental energy
gap in GaN
The first reliable data on the evolution of the bandgap with temperature
were obtained using photoluminescence excitation spectroscopy by Monemar
[19], who measured the various exciton energies in the temperature range
from 1.6 K to 300 K. Monemar used the usual Varshini formula to fit the
experimental data and obtained an empirical expression for the bandgap:
Eg = 3.503 +
5.08 × 10−4T 2
T − 996
(eV). (2.5)
There is a good reason to believe that these data represent GaN in an
almost unstrained condition. The epitaxial films, grown on sapphire, were
100 µm thick and the dominant donor-bound exciton transition was found
at 3.469 eV, which is among the lowest values reported for samples grown
on sapphire [11, 12, 16].
More recent data on the temperature dependence of Eg were reported by
Korona and co-workers [20] using reflectance measurements from 4 K to 390
K on a 1 µm thick epilayer grown on a bulk GaN substrate. They observed
a slightly different variation of the bandgap, fitted to the expression:
Eg = 3.503 −
0.121
exp(316/T ) − 1
(eV) (2.6)
Agreement between these two models and several other reported studies
[21–23], is within a few meV in the temperature range from 2 to 300K.
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There are, however, many discrepancies in published data of the band-edge
temperature dependence, showing the importance of the thickness of the
buffer layer [24] and the growth conditions [25].
2.2.3 Effective masses
Several estimates of the electron mass were made during the early studies of
GaN (based on infrared and optical measurements [26,27]), which suggested
a value of me = (0.22±0.03)m0. More recently this value has been confirmed
by cyclotron resonance experiments on unintentionally doped GaN films [28].
Calculated hole masses are summarized in Table 2.4 [29]. According
to the calculated results, the hole masses have a considerable k−depen-
dence, and the lowest conduction band is strongly coupled with only one hole
band, due to the spin-orbit interaction in the III-V nitrides. The average
calculated hole mass m∗h is about (0.95−1.10)m0 , which is consistent with
the experimentally observed values (1−2)m0 [15] and (0.8 ± 0.2)m0 [27].
Experimentally the k−dependence of hole masses has not yet been reported
in detail. Both the crystal field and the spin-orbit splittings are relatively
Wurtzite GaN mhh (m0) mlh (m0) mch (m0)
kx(Σ) 1.61 0.14 1.04
ky(T ) 1.44 0.15 1.03
kz(∆) 1.76 1.76 0.16
Table 2.4: Hole effective masses of the wurtzite GaN [29]. In the
table mhh, mlh, mch denote heavy, light, and crystal-field split-off hole
masses respectively.
small, so that the observed value is an average hole mass.
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Chapter 3
Optical properties of the
III-nitrides
Optical characterization has traditionally been a very important tool for
evaluation of material and electronic properties of semiconducting materials,
since it is a nondestructive method. In this chapter we will give a selection
of examples of the application of photoluminescence and reflectance to study
the band gap properties and impurity states in GaN.
3.1 Experimental techniques
3.1.1 Photoluminescence
Luminescence is defined as the emission of light by materials, after being
exited by some external means. A possible way is to excite the lumines-
cence by injection of electrons and holes via an external current (electrolu-
minescence): this is how LEDs work. Another commonly used method is
absorption of photons of energy higher than the band gap of the material.
The resulting process, in which photons of energy lower than the excitation
photons are radiated, is known as photoluminescence (PL), and is caused by
radiative recombination of the thermalized electron-hole pairs. Numerous
characteristics can be extracted from the position and the line-shape of the
observed PL peaks. Not only the efficiency of the luminescence can be eval-
uated, but also very essential electronic properties can be studied in detail:
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bandgap parameters, impurity and defect levels (and of cause the presence
of impurities and defects by itself), estimates of strain and free carrier con-
centrations, binding energies of excitons, as well as the homogeneity of the
optical properties. The PL technique is certainly unavoidable for studies of
confinement processes in heterostructures and quantum wells.
The experimental set-up for the photoluminescence and reflectance mea-
surements is schematically shown in Fig. 3.1. Combining PL and reflectance
measurements in one set-up facilitates the study of the properties of a partic-
ular place on the sample with both techniques and saves time for alignment.
The large band gap of GaN requires excitation radiation in the ultra-violet
Cryostat
HeCd laser (325 nm)
GaAs photomultiplier
Lock-in amplifier
Flip-mirror
Photomultiplier
or beam blocking
Xe
lamp
Figure 3.1: Combined photoluminescence and reflectance set-up for
studying the optical and electronic properties of GaN.
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part of the spectrum, which is in our case obtained from the 325 nm (3.815
eV) line of a continuous-wave HeCd laser. Excitation powers are usually
in the range of 10 µW to 10 mW, and controlled by neutral density filters,
while the excitation spot size is typically 50−200 µm in diameter. Samples
are mounted on the cold finger of a continuous flow helium cryostat, allowing
sample temperatures to be varied in the range 3.5−500 K. The luminescence
is dispersed by a 0.6-m monochromator (with a 1200 lines/mm grating) and
detected with a cooled GaAs photomultiplier. The excitation laser beam is
mechanically chopped in order to use lock-in detection.
3.1.2 Reflectance
Reflectance spectra in the region near the fundamental bandgap are offten
used as complimentary information in order to separate the intrinsic free-
exciton transitions from the bound-excitons. For reflectance measurements,
a 450 W Xe arc lamp is used as a light source, the beam of which is focussed
on the entrance slit of a 0.25-m spectrometer (with a 2400 lines/mm grating).
Quasi-monochromatic light, outgoing the monochromator (full width at half
maximum (FWHM) ≈ 3 A˚), is reflected from the sample and detected by a
Sb-Cs photomultiplier. The excitation spot size in the reflectance measure-
ments is about 0.5−1 mm in diameter. Although this size is larger than that
during the PL studies, we have verified that all our samples were sufficiently
homogeneous to ensure that PL and reflectance can be compared.
3.2 Radiative recombination in GaN
Fig. 3.2 illustrates a typical low-temperature PL spectrum of one of our stan-
dard 2 µm thick GaN epitaxial layers grown on a sapphire substrate by the
metal-organic chemical vapor deposition technique. The luminescence from
GaN can be divided into three main spectral regions: (I ) near-band-edge
emission (3.35−3.6 eV), (II ) donor acceptor pair (DAP) recombination with
the corresponding phonon replicas (2.7−3.35 eV) and (III ) transitions from
deeper impurity and defect levels in the band gap (1.8−2.7 eV). Properties
of these radiative recombinations will be further discussed below.
3.2.1 Free excitons
In photoluminescence experiments on high purity and high quality semi-
conductors at low temperatures, we expect the photoexcited electrons and
24 Optical properties of the III-nitrides
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Figure 3.2: Low temperature photoluminescence spectrum of a 2 µm
thick GaN film grown on sapphire by MOCVD.
holes to be mutually attracted by Coulomb interaction and to form free ex-
citons. In GaN, the free-exciton state can be adequately described by the
Wannier-Mott approximation, in which the electron and hole separation ex-
ceeds many inter-atomic spacings [1]. In this case the Coulomb interaction
results in a correlated motion of the electron-hole pair with a reduction of
the total energy of the bound state relative to that of the free carrier states
by an amount corresponding to the exciton binding energy. In the effective
mass approximation, the total energy of this two-particle system is given
by [1]:
EK = En +
~
2
K
2
2(m∗e + m
∗
h)
, (3.1)
where m∗e and m
∗
h are the effective masses of the electron and hole, respec-
tively, K is the wavevector of the exciton, and
En =
e4µ
2(4pi~ε)2n2
, (3.2)
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where n is an integer, ε is the low-frequency dielectric constant, and µ is the
reduced effective mass given by 1/µ = 1/m∗e + 1/m
∗
h. Equation (3.2) is a
solution of the hydrogenic wave equation, suggesting that free excitons can
exist in a series of excited states similar to the excited states of hydrogen-like
atomic systems. Due to the existence of excitons, optical transitions such
as absorption or emission occur from discrete states below the bandgap Eg,
namely, at the exciton energies:
EX = Eg −
E bX
n2
, (3.3)
where the binding energy (i.e. energy necessary to ionize an exciton) is
E bX =
e4µ
2(4pi~ε)2
. (3.4)
In GaN, each valence band gives rise to an exciton and each exciton gives
rise to a hydrogenic series of energy levels, approaching the respective band
edges asymptotically [2–4], so there is a considerable chance for confusion in
the interpretation of experimental data. The free excitons associated with
the ΓV9 valence band (A−band), the upper Γ
V
7 valence band (B−band), and
the lower ΓV7 valence band (C−band) in GaN are usually referred to as A−,
B−, and C−excitons. Sharp resonances associated with the formation of the
free excitons can be observed using various spectroscopic methods, including
photoluminescence, reflectance and absorption measurements [5–7]. In par-
ticularly, recent photoreflectance (PR) measurements clearly demonstrate
the signatures of the transitions related to the 1s and 2s states of all the
three A−, B−, and C− excitons as well as the fundamental band-to-band
(Γ9−Γ7) transition [8,9]. These data allow not only a precise determination
of the energy positions, but also a straightforward estimation of the exciton
binding energy using the hydrogenic model (Eq. 3.3):
E bX =
4
3
(EX
n=2 −EX
n=1) , (3.5)
which, in turn, assist in the determination of band-edge effective masses
using Eq. 3.4. The values of the binding energies for the intrinsic free A−,
B−, and C−excitons in GaN determined with various experimental methods
are summarized in Table 3.1. Significant spreading in the reported binding
energies is probably related to not-equivalent strain conditions of the studied
GaN samples. The relative positions of the free excitons also allows one to
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A (meV) B (meV) C (meV) references (method)
28 Monemar (PLE) [5]
18.5; 20 Smith (PL) [10]
20 22 Reynolds (PL) [6]
26.1 ± 0.7 Volm (PL) [11]
25.3 Chichibu (PR) [9]
21±1 21 ± 1 21 ± 1 Shan (PR) [12]
20 18.5 Tchounkeu (PR) [8]
26.4 26.4 Skromme (PR) [13]
Table 3.1: Binding energies of the intrinsic free excitons determined
with different experimental techniques: photoluminescence (PL), pho-
toluminescence excitation (PLE) and photoreflectance (PR).
determine the spin-orbit coupling (∆SO) and crystal-field splitting (∆CR)
parameters (see Chapter 2.2.1).
Fig. 3.3 shows a reflectance spectrum of a high-quality GaN film grown
on sapphire. Although the observed interband critical points appear to be
rather broad, they can be fitted in the simplest case by a set of independent
oscillatory functions (representing the A−, B−, and C−excitons and the
excited state of the exciton A (An=2) as follows [14]:
R(ω) = R0 +
4∑
j=1
Rj(ωj − ω)
Γ2j + (ω − ωj)
2
, (3.6)
where R0 is a background function, Rj is an amplitude, Γj and ωj are the
broadening parameter and resonance energy of exciton j, respectively. The
solid line in Fig. 3.3 presents the best fit to the experimental data (open
circles) using the fitting parameters listed in Table 3.2. The binding energy
the free A−exciton in this sample estimated from the Eq. 3.5 is 28±3 meV.
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Figure 3.3: Low temperature reflectance spectrum of a high quality
GaN film deposited on sapphire by MOCVD.
excitons A B C An=2
ωj 3.4930 3.5021 3.5306 3.515
±0.0006 ±0.0005 ±0.034 ±0.003
Γj 0.0012 0.00149 0.0063 0.004
±0.00006 ±0.00007 ±0.003 ±0.004
Rj 0.20 0.258 0.09 0.04
±0.01 ±0.01 ±0.2 ±0.06
Table 3.2: Fitting parameters of the reflectance spectra in Fig. 3.3:
resonant energies (ωj), damping parameters (Γj) and amplitudes (Rj).
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3.2.2 Bound excitons
Excitons may also be trapped at impurities (neutral or ionized), associated
with donors or acceptors, resulting in emission lines at energies some few
meV below the ground state of the free excitons (Fig. 3.4). Given that
the residual strain may also cause similar energy shifts of a few meV, it
requires considerable care to make a correct attribution of the various ab-
sorption and emission lines observed experimentally. At low temperatures,
the bound excitons are prominent features of luminescence spectra of many
semiconductors, since even a very small population of impurity centers can
have large capture probability for excitons, making the bound exciton states
very efficient recombination channels. The energy of the emitted photon due
to the bound-exciton recombination is equal to
~ω = Eg −Eb −EBX , (3.7)
where EBX is the exciton localization energy, in other words the energy
required to dissociate the exciton from the impurity. Haynes [15] first found
the exciton localization energy in Si to depend linearly on the impurity
binding energy (which is now called the Haynes rule): EBX ≈ 0.1Ei, where
Ei is the impurity binding energy. A more general relation between the
localization energy EBX and the impurity binding energy Ei, in the case of
neutral impurities, has been empirically found to be
EBX = a + bEi , (3.8)
where a and b are constants dependent on the nature of the material. In
general, a 6= 0, while b depends on whether the impurity is a donor or accep-
tor [16]. Since the impurity binding energy of donors is usually smaller than
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Figure 3.4: Free and bound excitons in semiconductors.
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that of acceptors, the donor-bound-exciton transitions in direct bandgap
semiconductors are expected to lie closer to the free-exciton energies. How-
ever, caution should be taken, while estimating the acceptor binding energy
using Haynes rule, since it does not always apply to shallow acceptors in
direct bandgap semiconductors [16].
The near-band-edge luminescence from one of our GaN samples is shown
in Fig. 3.5 (see also Fig. 3.2 (part I)). The spectrum is dominated by strong
sharp emission lines resulting from the radiative recombination of bound
and free excitons. The intensity of the strongest emission peak was found to
decrease with increase of temperature indicating ionization of the bound ex-
citons from the impurities. Such effects of temperature on the luminescence
intensity can be used to identify emission lines resulting from the radiative
recombination of the bound excitons. Since as-grown GaN is always n-type,
neutral donors are expected to be the most common extrinsic centers in the
crystals. Therefore, the strongest PL line in the near-band-edge region is
usually assigned to the recombination of donor-bound excitons (DBE) [5].
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Figure 3.5: Low temperature near-band-edge emission of GaN grown
on sapphire by MOCVD. DBE, FXA and FXB correspond to neutral
donor bound excitons, free A and free B excitons, respectively.
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The other luminescence lines (FXA and FXB) were attributed to the emis-
sion of intrinsic free excitons and dominate the PL spectrum at elevated
temperatures (100-300 K).
3.2.3 Impurities and defect states
Photoluminescence spectra taken from nominally undoped GaN samples of-
ten, if not always, exhibit a series of emission lines in the energy range of
approximately 3.4-2.8 eV, and a broad emission band in the yellow spectral
region with a peak position around 2.2 eV, as shown in Fig. 3.2 (bands II
and III respectively). The relative intensities of these two emission bands
vary from sample to sample depending on the crystal quality and also on
experimental conditions, such as temperature and excitation power.
The emission structures with characteristic spectral features in the en-
ergy range of 3.27-2.95 eV (band II) have been identified as the radiative
recombination process arising from donor-to-acceptor pair (DAP) transitions
and their phonon replicas (the LO-phonon energy is about 92 meV) [3]. In-
deed, donors and acceptors can form pairs and act as stationary molecules
imbedded in the host crystal. The Coulomb interaction between a donor
and an acceptor results in a lowering of their energies: as the neutral donor
and the neutral acceptor are brought closer together, the donor’s electron
becomes increasingly shared by the acceptor. The amount by which the im-
purity levels are shifted is simply the Coulomb interaction inside a medium
of dielectric constant ε, being ∆E= e2/εr. The emission of the DAP tran-
sition is therefore a function of the distance (r) and is given by
~ω = Eg − (ED + EA) +
e2
εr
, (3.9)
where ED and EA are the ionization energies for the donor and acceptor, re-
spectively [17]. The DAP emission gets weaker with increasing temperature
as a result of the thermal ionization of the donor and the increase in the
carrier concentration in the conduction band. A characteristic shift of the
DAP emission towards higher energies is observed at moderate temperatures
due to the excitation of closer-spaced donor-acceptor pairs.
The broad band emission in the yellow spectral region (band III in
Fig. 3.2) is commonly detected regardless of the growth technique. More
strikingly, this band was detected in samples implanted with a variety of
atomic species [18]. These observations have led to a general belief that
this yellow luminescence band involves the electronic states associated with
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defects. Recent theoretical studies on the electronic structure of impurities
and native defects in GaN confirm the importance of point defects such as
nitrogen and gallium vacancies and/or interstitials [19,20]. Two main mech-
anisms, which give rise to the yellow band, were proposed. The first mech-
anism involves a two-stage process (Fig. 3.6a): a nonradiative capture from
a neutral shallow donor to a deep ionized state with subsequent radiative
recombination with a shallow acceptor [21]. The second model (Fig. 3.6b)
concerns radiative recombination from a shallow donor to a deep localized
acceptor state [22]. Recent high-pressure PL studies have shown that the
dependence of the yellow luminescence on the applied hydrostatic pressure
follows the bandgap of GaN [23]. These results are consistent with the lat-
ter model, since a shallow-donor state shifts with the host semiconductor
bandgap under hydrostatic pressure at the same rate.
Theoretical calculations show that both the nitrogen vacancy and the
interstitial gallium form effective shallow donor-states in the bandgap of
GaN [23]. It is important, however, that the Ga vacancy in the GaN lattice
results in the formation of a deep acceptor state with a formation energy that
is much smaller than that of nitrogen [24]. It should be pointed out that the
origin of the shallow and deep states in the GaN-bandgap is still a subject of
vigorous debates resulting from the absence of a clear evidence of the Ga/N
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Figure 3.6: Schematic representation of two possible mechanisms
which cause the yellow luminescence (YL) in GaN. Dsh, DD
+, Ash
and Ad correspond to shallow donor, deep ionized donor, shallow ac-
ceptor and deep acceptor, respectively.
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vacancies or interstitials and complicated by fairly high concentrations of
background impurities. Therefore, the origin of both yellow luminescence
and unintentional n-doping, still remains to be clarified.
3.2.4 Radiative lifetime of the excitonic recombinations
A critical parameter in determining the PL efficiency of photoexcited carriers
is the effective lifetime:
1
τeff
=
1
τR
+
1
τNR
, (3.10)
where τR is the radiative lifetime and τNR is the nonradiative lifetime. In ad-
dition to spontaneous radiative recombinations, other nonradiative processes
rule over the decay of photoexcited carriers. The nonradiative processes in-
clude multiphonon scattering, capture and recombination at impurities and
defects, Auger recombination effect, as well as surface recombination. These
processes give rise to fast relaxation of the excited carriers down to lower
states from which they decay radiatively (or nonradiatively). The measured
decay times for exciton emission in GaN were found to be generally in the
range of several tens of picoseconds to a few hundreds picoseconds [10,25,26].
These experimentally found radiative lifetimes are much shorter than the
theoretically estimated values for both bound- and free-exciton recombina-
tion in GaN, which are in the order of nanoseconds [25]. The fast decay be-
havior of the PL intensity indicates that the capture of excitons and trapping
of carriers at defects and impurities through the nonradiative recombination
channels dominate the decay of the exciton population.
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Chapter 4
Heteroepitaxial GaN films
grown by MOCVD
During the last decade, extensive efforts have been devoted to the growth
of high quality heteroepitaxial GaN epilayers using metal-organic chemi-
cal vapor deposition (MOCVD). The use of a low temperature buffer layer
has significantly improved the material quality. Additionally, the epitaxial
lateral overgrowth of GaN (ELOG) by MOCVD has proven to be an effi-
cient process to considerably reduce the dislocation density in III-nitrides
epilayers [1–5]. Such an improvement is an obligatory requirement for the
realization of high-performance III-nitrides based devices, since a huge dis-
location density is generated due to the large lattice and thermal expansion
coefficient mismatch between the nitride layer and the most commonly used
substrates. However, the standard ELOG process requires several ex situ
steps: masking and patterning of the underlying layers, leading to a quite
complex and time-consuming process. Fortunately, a few new approaches
have been recently developed, among them are a multiple buffer layers proce-
dure [6] and an insertion of a thin low-temperature interlayer [7]. Moreover,
there is no doubt that the influence of the buffer layer by itself is of great
importance for the structural and optical properties of GaN epitaxial films
and subsequently on a quality of the nitride-based devices. In this chapter,
some novel approaches to the growth of GaN will be discussed in relation to
their influence on the optical and structural characteristics1.
1Published in Appl. Phys. Lett. 79, 2390 (2001), by S. Haffouz, V. Kirilyuk, P.R.
Hageman, L. Macht, J.L. Weyher and P.K. Larsen; and in Phys. Stat. Sol. (a) 188, 523
(2001), by P.R. Hageman, S. Haffouz, V. Kirilyuk, A. Grzegorczyk, and P.K. Larsen.
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4.1 Introduction
GaN is not an easy material to grow: it requires high temperatures and
high nitrogen pressures, the latter of which is due to easy decomposition of
GaN at elevated temperatures [8]. Table 4.1 compares melting temperatures
(TM ) and pressures (PM ) of most typical semiconductor materials. The
high melting temperatures and pressures cause serious difficulties for growth
from the melt [9] and the only bulk crystals available so far are GaN single
crystals grown from a solution of atomic nitrogen in liquid gallium at 1500◦C
combined with high nitrogen pressures (15− 20 kbar) [10]. The lack of bulk
substrate material has resulted in enormous efforts to grow GaN epilayers
on foreign substrates with all the problems associated with the mismatch in
lattice parameters and crystal symmetry. The small lattice parameters of
GaN as compared to other well-established III-V semiconductors have led to
the use of sapphire substrates, which are electrical insulating and have a large
thermal expansion mismatch with GaN. In this section, the most frequently
used substrates and growth methods for the III-nitride heteroepitaxy are
discussed.
4.1.1 Substrates
Several materials have been tried as substrates for the epitaxial growth of
GaN. Among them are Al2O3, GaAs, Si, SiC, ZnO, MgO, and quartz [11].
material TM (
◦C) PM (atm.)
GaN 2500 45 000
Si 1400 < 1
GaAs 1250 15
GaP 1465 30
Diamond 1600 60 000
(synthesis)
Table 4.1: Melting conditions of GaN and other widely used semi-
conductors [10].
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The crystallographic structure of the substrate appears to determine the
crystal symmetry of the epitaxial GaN (i.e. wurtzite or zincblende). Addi-
tionally, structural defects and unintentional doping of the GaN are directly
influenced by the choice of the substrate. Table 4.1.1 presents structural
properties of materials that have been tried as substrates for GaN heteroepi-
taxy [12]. In the following, three of the most frequently used substrates will
be discussed.
Sapphire
Sapphire is the most extensively used substrate for growth of the III-nitrides
[13, 14]. Large-area and good-quality crystals of sapphire are readily avail-
material symmetry lattice const. therm. expansion
(a; c) coefficients (a; c) at 800◦C
nm (×10−6) K−1
GaN W (0.3189; 0.5185) (5.59; 3.17)
AlN W (0.3112; 0.4982) (4.2; 5.3)
InN W (0.353; 0.569) (5.59; 3.17)
Sapphire H (0.4758; 1.299) (7.5; 8.5)
ZnO W (0.3250; 0.5213 (8.25; 4.75)
6H SiC W (0.308; 1.512) (4.2; 4.68)
Si C 0.54301 3.59
GaAs C 0.56533 6
InP C 0.5869 4.5
MgO C 0.4216 10.5
MgAlO2 C 0.8083 7.45
Table 4.2: Lattice parameters (a; c) and thermal expansion coeffi-
cients of substrate materials for III-nitrides. W, H and C stand for
wurtzite, hexagonal and cubic crystal symmetries, respectively [12].
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able at reasonable costs. They are transparent, stable at high temperature,
and meanwhile the technology of growth of the nitrides on sapphire is quite
mature. When grown on [0001]−sapphire, the c−axis of GaN and sapphire
are parallel, but the unit cell of GaN is rotated by 30◦ about the c−axis with
respect to the sapphire unit cell, which is determined by lattice parameters
ratio and symmetry [15, 16]. The lattice mismatch of GaN with sapphire is
≈ 14%. Therefore, the determined critical thickness of GaN on sapphire is
very small; even with the AlN buffer it reaches only 3 nm. As the thickness
of the GaN layer increases, the lattice constants increase due to relaxation
of strain by misfit dislocations. In principal, the relaxation should be nearly
complete at thicknesses of about 100 nm, resulting in lattice constants iden-
tical to those of bulk GaN [11]. However, if the growth temperatures ate not
sufficiently high, relaxation of strain at those temperatures is not complete
and strain persists even after cooling the layer down to room temperature.
This causes much confusion while comparing the properties of GaN films
grown with different conditions and techniques. For example, Hiramatsu
and co-workers [17] observed a compressive stress in thin GaN epilayers and
a rapid decrease in the stress of GaN as its thickness increases to more than
4 µm. At the same time, studies of stresses in GaN films of thickness up
to 50 µm by the curvature method, show only a small decrease in the com-
pressive stress as the film becomes thicker [18]. Even more important is a
large mismatch of the thermal expansion coefficients in GaN and sapphire.
Therefore, not only the growth conditions are critical for a high quality het-
eroepitaxy, but also a great care should be taken, during cooling the GaN
layers down to room temperature.
SiC
Extensive work has been done on the growth of III-nitrides on SiC [11], which
has several advantages over sapphire: the lattice mismatch with GaN is only
3.5%, SiC has good electrical conductivity and excellent thermal properties.
Large good quality SiC substrates are commercially available, but they are
relatively expensive. In contrast to expectations, optical properties of GaN
films grown on SiC substrates are in the best case only comparable to that of
the GaN layers deposited on sapphire due to difficulties in substrate prepa-
ration. Therefore the SiC substrates are mostly used for different transistor
applications.
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Si (111)
To accomplish integration of III-nitride LEDs or LDs with Si-based electron-
ics, these devices have to be grown locally on an already processed Si chip.
Therefore, considerable work has been done on the growth of III-nitrides on
Si substrates [19, 20]. GaN grown on Si (100) appears to be predominantly
cubic. These epilayers contain a large number of defects such as dislocations,
twins, and stacking faults. The GaN films grown on Si (111) usually have
wurtzite structure, sometimes with localized inclusions of cubic phase. The
mismatch between the lattice constants is 17% and therefore the estimated
critical thickness for the GaN epilayers is less than 1 ML [11].
4.1.2 Buffer layer
Good-quality epilayers of III-nitrides on sapphire substrates can be grown
by MOCVD if the growth is performed in two steps [21]. First, a thin GaN
or AlN buffer layer is grown at a low temperature, while the main epilayer
is deposited in the second step at a higher temperature. The buffer layer
provides the high density of nucleation centers and promotes the lateral
growth of the main epilayer. The microstructure of the low temperature
buffer layer grown on sapphire has been widely examined. Atomic force
microscopy (AFM) studies show that the structure of the buffer layer is
columnar, determined by the island growth [15]. Due to the large difference
in the lattice constants of the buffer layer and the substrate, the free en-
ergy of the system is lowered if the growth is three dimensional (3D), and
the islands formed in the 3D growth are coherent with the substrate. The
thickness of the buffer layer and the time of annealing have a large influ-
ence on the structure of the buffer layer and on the quality of the main
epilayer grown subsequently. Moreover, the so-called nitridation process,
e.g. exposure of the substrate to NH3 just before the buffer-layer growth,
has a strong impact to nucleation of the film. Using GaN (instead of AlN)
as buffer, leads to an additional improvement in quality of the main GaN
epilayer [22], which is probably related to the melting point of the buffer
materials. At the substrate temperature of 1050 − 1100◦C, at which the
main GaN layers are grown, a GaN buffer should soften more than AlN,
resulting in a reduction of strain and a decrease of dislocation density in the
main epilayers. The two-step procedure has now become a standard method
for the III-nitrides growth on all foreign substrates and is widely applied in
different growth techniques.
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Figure 4.1: Band-edge PL of GaN epitaxial layers grown on sapphire
substrates using different nitridation times.
Fig. 4.1 gives several examples of the band-edge photoluminescence of
epitaxial GaN films grown in our group using various durations of the ni-
tridation, while keeping all other parameters constant (T=1100◦C, P=50
mbar). We usually achieve the best quality of the main epilayer by growing
a 20-nm GaN buffer layer at 525◦C and annealing it afterwards for about
10 minutes.
4.1.3 Most frequently used epitaxial deposition techniques
Remarkable progress in the growth of high-quality epitaxial III-nitride films
by a variety of methods has recently been achieved. The most success-
ful among all growth methods are metal-organic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE) [23]. Also, recent develop-
ments of the hydride vapor-phase epitaxy (HVPE) demonstrate an unique
opportunity to grow a large-size thick GaN layers at low costs and with a fea-
sibility for commercial applications [24]. The HVPE technique is discussed
more in detail in Chapter 5.
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MOCVD
The MOCVD technique has a solid leading position for commercial GaN de-
vice applications, supported by an extended experience in other III-V com-
pounds growth and achieving the best structural quality of GaN. The source
materials generally used are trimethylgallium (TMGa) for Ga, trimethyla-
luminum (TMAl) for Al, trimethylindium (TMIn) for In and ammonia for
nitrogen [25]. Both hydrogen and nitrogen can be used as a carrier gas. The
growth temperatures in the MOCVD vary from 1000 to 1200◦C, depending
on a design of the reactor. Almost all epitaxial layers described in this thesis
were deposited by MOCVD, except for the HVPE experiments described in
Chapter 6. In particular, sections 4.2 and 4.3 will discuss novel approaches
used in MOCVD for further improvement of GaN heteroepitaxy.
MBE
The MBE growth is usually performed at relatively low temperatures of
600−800◦C, where the molecular nitrogen is inert and does not chemisorb on
GaN surface [26,27]. Atomic nitrogen or nitrogen-containing-molecules with
weaker bonds should therefore be provided. Several modifications to con-
ventional MBE methods have been implemented for III-N growth. Among
them, RF or ECR plasma sources are most commonly employed to activate
the nitrogen species. A solid source is usually used for Ga. Being an UHV-
based technique, MBE has the strong advantage of being compatible with a
wide range of surface analysis (as reflection high-energy electron diffraction,
Auger electron spectrometry and others). Thus MBE is frequently used for
growth of GaN-based heterostructures.
In both MOCVD and MBE techniques, Si and Mg are the favorable
elements for n- and p-type doping. The growth rates are also similar and
usually in the range of 0.3-2µm per hour.
4.1.4 Structural defects
The GaN-based III-nitride heterostructures are found to contain charac-
teristic one-dimensional (edge, mixed, and screw dislocations), as well as
two-dimensional (stacking faults and anti-phase domain boundaries) defects,
which formation strongly depends upon the growth conditions [28]. Until
recently the density of the threading dislocations in practically all the high-
performance LEDs and laser diodes, was 108 − 1012 cm−2, mostly due to
the large lattice mismatch between the III-nitrides and the substrates. A
42 Heteroepitaxial GaN films grown by MOCVD
density > 106 cm−2 would already be fatal for any light emitters fabricated
with conventional III-V semiconductors. Thus, an important question arises:
what makes such ”poor”-quality GaN to be a high-efficiency emitter?
Of course, the high dislocation densities do considerably reduce the light
output from the LEDs [29]. Even more important, the dislocations lead
to the quick device degradation acting for example as pipes through which
metals atoms (e.g. Mg) diffuse rapidly [30]. However, it was found that
the efficiency of luminescence is high as long as the diffusion length of the
generated carriers is smaller than the dislocation spacing. For a dislocation
concentration of 1010 cm−2, the average dislocation spacing is 100 nm, while
the value of the diffusion length, which is determined from cathodolumines-
cence mapping, is about 60 nm [31, 32].
4.2 GaN on sapphire with an in-situ SiH4 treat-
ment
Optical and structural properties of GaN epitaxial layers grown by low-
pressure metal-organic chemical vapor deposition on sapphire substrates can
be significantly improved, provided that a novel buffer layer consisting of
auto-organized GaN islands is used. This buffer is produced by an in situ
silane (SiH4) treatment of the sapphire surface at high temperature followed
by a low temperature GaN buffer deposition. As a result of the silane
treatment, a SiN layer is deposited, which covers the substrate only partially
and forms a nano-scale mask, leading to formation of relatively large selective
GaN islands instead of a continuous buffer layer. These islands will be
laterally overgrown while depositing the GaN epilayer leading to a significant
reduction of the dislocation density.
A photoluminescence (PL) study of the GaN epilayers shows a strong
enhancement of the luminescence emission intensity of the near band edge
peaks and a reduction of the full width at half maximum (FWHM) of the
donor bound exciton peak (D0X) down to 4 meV (compared to ∼ 5.5− 6.0
meV in our standard layers). The GaN films that have been grown using the
SiH4 treatment are highly compressive strained, which is evidenced from a
blueshift of 10 meV in the D0X peak energy.
Photo-etching (also called photo-electrochemical (PEC) or photo elec-
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troless etching) in an aqueous solution of KOH was applied to reveal the
dislocation density. The density of ”whisker-like” etch features, which are
formed due to the presence of dislocations, is reduced from 6 × 109 cm−2
in standard GaN films to 8 × 108 cm−2 in the GaN layers grown on the
optimized buffer with the SiN treatment.
4.2.1 Growth procedure
The GaN epilayers were deposited on two-inch (0001)−oriented sapphire
substrates by the metal-organic chemical vapor deposition technique. The
c-plane sapphire substrates were first chemically cleaned and then spin-dried.
Trimethlgallium (TMGa), ammonia (NH3) and silane (SiH4), deluted to 50
ppm in H2, were used as precursors of gallium, nitrogen and silicon, respec-
tively. The growth process was started by annealing the substrate at high
temperature (1000◦C) under H2 atmosphere during 5 minuten, following by
a 90-sec. nitridation (NH3 treatment) at 1170
◦C using 2.5 slm of NH3. The
ammonia flow was kept constant in the reactor during the whole growth pro-
cess. In order to achieve the formation of selective GaN islands an additional
step was introduced before the buffer layer growth. After the nitridation,
the sapphire substrate was exposed to a silane flow of 100 sscm maintaining
1 mm
a) b) c)
Figure 4.2: Scanning electron microscope images of the GaN buffer
after heating it up to 1170◦C, with different durations of the silane
treatment: a) 0 sec, b) 60 sec, and c) 100 sec.
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the temperature at 1170◦C. The duration of this step was varied from 0
to 120 seconds. Next, a standard GaN buffer layer was deposited at 525◦C
with a TMG flow of 13.5 µmole/min and a V/III ratio of about 8230, result-
ing in the buffer thickness of ∼30 nm. The non-treated sapphire substrate
corresponds to the standard growth process with a conventional GaN buffer
layer. Finally, a 3 µm-thick GaN layer was deposited at 1170◦C using a 64
µmol/min flow of TMGa. Hydrogen was used as carrier gas resulting in a
growth rate of about 1.7 µm/h.
Figure 4.2 shows scanning electron microscope (SEM) images of GaN
buffer layers after heating up to 1170◦C. The presented buffers are grown
without the silane treatment of sapphire substrate (Fig. 4.2a) and with the
SiH4 exposure during 60 seconds (Fig. 4.2b) and 100 seconds (Fig. 4.2c),
respectively. It can be clearly seen that the GaN buffer layer is relatively
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smooth and continuous without the silane treatment (root-mean-square is
about 2 nm), but the buffer is transformed to nano-scale GaN islands when
the SiN treatment is applied. These islands become larger and more or-
ganized for a longer silane treatment time. In turn, selective GaN islands
promote the epitaxial growth in the lateral direction leading to reduction of
the dislocation density in the GaN layers [33, 34].
4.2.2 Photoluminescence
Figure 4.3 shows the evolution of the near-band-edge PL spectra (T = 4 K) of
GaN films grown with silane treatment times ranging from 0 to 120 seconds.
Each PL spectrum consists of the near-band-edge emission attributed to the
exciton related luminescence. Temperature dependent measurements from
15 K to 120 K (see Fig. 4.4) combined with the reflectivity confirmed that the
dominant emission line in these spectra is related to recombination of donor
bound excitons (D0X) at an energy position between 3.475 eV and 3.485
eV depending on the silane treatment time. Only for long silane treatment
times (100 sec and 120 sec), free B-exciton transition (XB) can be observed
at the higher energy shoulder of the free A-exciton peak (XA) indicating the
improvement of the optical quality of the material. Both the full width at
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Figure 4.4: Temperature dependent PL (from 4 K to 120 K) spectra
of the GaN layer grown with the 100 sec. silane treatment.
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half maximum (FWHM) and the energy position of the exciton transitions
vary with the silane treatment time. In order to illustrate these changes in
optical properties, the energy position of the D0X and the XA transitions as
well as the FWHM of the D0X line, are plotted against the SiH4-treatment
time and summarized in Fig. 4.5. Using the standard process, the FWHM
of D0X peak was 5.9 meV, but it rapidly increases to 11 meV for a silane
treatment time (t) of 60 seconds and then decreases down to 4 meV for
t = 100 seconds. On the other hand, the near band edge peak positions
(both the bound and the free excitons) also strongly depend on the silane
treatment. In fact, the D0X and the XA peaks are found at 3.474 eV and
3.482 eV respectively for GaN films grown with the standard process and at
3.484 eV and 3.490 eV for GaN layers treated during t= 100 seconds with
silane. The blue shift of the D0X and the XA peaks is about 10 meV and
8 meV, respectively. The blue-shift of the exciton transitions for the GaN
layer grown with the silane treatment is related to an increase in the residual
compressive strain [35–39]. By using the stress dependence of the free A-
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Figure 4.6: Normalized band edge luminescence intensity of the GaN
layers with different duration of the silane treatment.
exciton energy position reported by Gil et al. [35, 36], the biaxial strain is
evaluated to be about 0.7 GPa and 1.2 GPa in GaN grown with the standard
process and with the silane treatment during 100 seconds, respectively.
In addition, the evolution of the luminescence intensity ratios (band-edge
(BE) to yellow band (YB), and band-edge to donor-acceptor-pair recombi-
nation (DAP)) is also analyzed in relation to the silane treatment. The
value of BE/YL ratio was about 120 using the standard buffer (0 s) layer
but rapidly decreases to 10 using small GaN islands (60 s silane treatment)
and then increases to about 360 for the longer silane treatment time. On
the other hand, the ratio BE/DAP increases from 60 to 1400 when the SiN
deposition of 100 seconds is used instead of standard buffer layer. The ab-
solute value of the near-band-edge luminescence intensity is also affected by
the SiN deposition (see Fig. 4.6): the GaN layer grown with silane treat-
ment time of 100 seconds, has a PL intensity about 6 times higher than
that of the GaN grown with the standard process. Such an improvement
is most probably connected to decrease of the dislocation density, since the
dislocations are known to act as non-radiative recombination centers.
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Figure 4.7: Photoluminescence of the GaN epilayer grown with the
SiH4-treatment time of 100 seconds.
Therefore, from the PL measurements it can be concluded that t=100
seconds is the optimum SiH4 treatment time, since it results in the lowest
FWHM of the PL peaks and the highest luminescence intensity. Figure 4.7
shows the low temperature PL in the broad spectral range of 3.6 − 2.0 eV
for the GaN sample grown with the SiN deposition time of 100 sec. The
free exciton XA peak, which is located at 3.491 eV, is accompanied by two
longitudinal optical (LO) phonon replicas at 3.4 eV and 3.31 eV, labeled
XA-LO. The dominant D
0X line in this sample is found at 3.484 eV. A weak
line at the energy of 3.462 eV is attributed to the neutral-acceptor bound ex-
citons (labeled A0X). The absence of the donor-acceptor pair recombination
(DAP), usually reported at 3.27−3.29 eV is indicative for low impurity con-
centrations. It is important to note that the parasitic yellow luminescence,
located at approximately 2.22 eV, is more than two orders of magnitude
lower in intensity compared to the near band edge transitions. This is com-
parable to the best results published by other groups on heteroepitaxial
GaN.
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4.2.3 Etching experiments
It has been recently recognized that photo-electrochemical (PEC) can be
used to reveal the dislocation density in GaN epilayers. PEC etching was
performed in a stirred KOH solution (0.004 molar) at room temperature.
The UV illumination was provided by 450 W Xe lamp. 100 nm-thick Ti
contacts were used to assure photocurrent conduction [40].
In Fig 4.8 a) and b), scanning electron microscope (SEM) images of PEC
etched GaN films grown with the standard process and with the optimized
GaN selective islands growth are shown, respectively. The filamentary etch
features (or so-called whiskers) in these layers are directly correlated to
the dislocations, which is confirmed by a calibration of PEC etch-features
with cross-section and plan-view transmission electron microscopy (TEM)
analysis (Fig. 4.8c) [41–43]. The densities of the whiskers are found to be
6× 109 cm−2 in the layers grown with the standard buffer and 8× 108 cm−2
with the optimized SiH4 treatment. Therefore, from the PEC-etching results
we can conclude that the density of dislocations is remarkably lower in the
GaN layers grown with selective islands as compared to that in the layers
grown with the standard buffer.
300 nma) b) c)
Figure 4.8: Scanning electron microscope images of PEC etched GaN
films grown with standard process (a) and with the optimized GaN
selective islands (b). The origin of the etched features is confirmed by
the transmission electron microscope studies (c): in the studied layers,
every whisker corresponds to a dislocation.
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4.2.4 Conclusion
An improvement of the optical and structural properties of the GaN epilayers
grown on the sapphire is achieved by an in situ silane treatment of the
substrate during 100 seconds just before the deposition of the buffer layer.
The silane treatment leads to partial covering of the sapphire substrate by
a thin silicon nitride layer (SixNy), which acts as a mask for the formation
of nano-scale auto-organized GaN islands and stimulates the epitaxy in the
lateral direction. The reduction of the dislocation density is demonstrated
by photo-etching, which is also consistent with a blue-shift of the band-edge
luminescence peaks, being a characteristic feature of compressive strain.
Since the formation of dislocations is one of the main relaxation mechanisms,
the epitaxial films with lower dislocation densities are expected to be more
strained. Using the novel method of the SiH4 treatment, the FWHM of the
exciton-related PL lines is decreased down to 4 meV, and the intensity of
the band-edge luminescence is remarkably increased.
4.3 High Quality GaN Layers on Si(111) Substrates
Despite difficulties in the growth of GaN on silicon, caused by a large lat-
tice mismatch of 17% and by thermal expansion coefficient incompatibility,
silicon is considered to be one of the best candidates as an alternative,
inexpensive and large substrate for the GaN deposition. Perspectives in in-
tegration of silicon based electronics with GaN opto-electronic devices give
a strong motivation for the research in this field. Since GaN can not serve as
a buffer layer on Si(111) substrates due to wetting problems, an AlN layer
should be used instead. An investigation of the GaN growth on silicon (111)
substrates by low-pressure metal-organic chemical vapor deposition using
an AlN buffer is presented in this section. As an additional improvement,
a SixNy intermediate layer is deposited after the growth of 1 µm GaN film.
The thickness and the growth temperatures of the buffer layer are optimized
with respect to the optical and structural properties of the GaN layers. The
insertion of a SixNy intermediate layer results in a significant reduction of
the FWHM of the donor bound exciton transition (D0X) from 17 meV to
10 meV, and in a 2.5 fold increase of near band edge luminescence intensity.
The epitaxial films with the SixNy intermediate layer show a reduction of
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the FWHM of the XRD ω−scans from 832” to 669” and from 702” to 547”
for the symmetric and asymmetric reflections, respectively.
4.3.1 Experimental
GaN layers with a thickness of about 3 µm were grown in a horizontal
MOCVD reactor on silicon (111) substrates [44]. Ammonia (NH3), trime-
thylgallium (TMGa), trimethylaluminium (TMAl), and silane (SiH4), di-
luted to 50 ppm with H2, were used as precursors. The on-axis Si(111)
substrates were degreased in organic solvents and etched in a buffered 10%
HF solution, after that they were in situ thermally cleaned at 1100◦C in a
hydrogen atmosphere. The growth of GaN on Si(111) starts with deposi-
tion of an AlN buffer using a TMAl flow of 20 µmol/min and a NH3 flow
of 4.1 × 10−2 mol/min. The best layer quality was achieved using an AlN
buffer layer with a thickness of about 10 nm that resulted from a deposition
time of 5 minutes at 1100◦C. The GaN epilayer was deposited at 1170◦C,
using a TMG flow of 64 µmol/min and a NH3 flow of 0.1 mol/min resulting
in a GaN growth rate of 1.65 µm/hour.
4.3.2 Results and discussions
In order to optimize the growth conditions of the GaN epilayers on Si(111),
photoluminescence (PL) and x-ray diffraction (XRD) techniques were used.
The intensity of the band edge PL signal and the FWHM of the observed
PL lines are plotted in Fig. 4.9 against the growth temperature (A) and the
buffer thickness (B). The 3 µm thick GaN layer has the smallest FWHM
(∼17.6 meV) and the highest intensity of the D0X peak for the AlN buffer de-
posited during 5 minutes at 850◦C. Fig. 4.10 shows that the smallest FWHM
of the rocking curves of the symmetric (0002) and asymmetric (105) reflec-
tions, 832” and 702”, respectively, are found for the same growth conditions.
The difference in thermal expansion coefficient between the layer and
the substrate is huge, 5.59× 10−6 K−1 for GaN and 2.59× 10−6 K−1 for Si
at T = 300 K. It leads to a significant tensile stress in GaN film resulting
in the formation of cracks upon cooling down to room temperature. Even
for layers with a thickness of 0.4 µm, the crack formation is observed, which
remains the most complicated problem in the growth of GaN on silicon.
As an alternative approach, a second intermediate buffer layer was de-
posited on the 1 µ-thick epilayer. This buffer consists of a GaN layer de-
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posited at low temperature on an in situ grown SixNy mask. The in situ
deposition of the SixNy mask was performed at 1170
◦C with the introduc-
tion of silane (100 sccm) to the NH3 flow (2,5 slm) for 100 seconds. After
cooling down to 525◦C, a 30-nm thick low-temperature GaN buffer layer
was deposited on the SixNy. During heating up to the growth temperature
(1170◦C), the GaN buffer layer, deposited on the SixNy mask, transforms
from a smooth layer to nano-scale GaN islands, which are meant to pursue
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Figure 4.9: The FWHM (left y-axis) and the luminescence intensity
of the D0X peak (right y-axis) of the GaN layer: (A) versus the growth
temperature (buffer growth time = 5 minutes) and (B) versus the
growth time of the AlN buffer
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the lateral overgrowth [34]. Finally, a 2 µm-thick GaN layer is grown on top
of the second buffer. The insertion of this SixNy intermediate layer combined
with a low temperature GaN buffer, results in a remarkable improvement
of the material quality. In Fig. 4.11 the PL spectra of the 3 µm-GaN layer
grown on an optimized AlN buffer layer and the layer grown with the new
approach are compared. It is shown that the PL intensity increases about
2.5 times in the sample with the SixNy mask and that the FWHM of the
D0X peak decreases from 17.6 meV to 10 meV. The high-resolution XRD
ω−scans show the same trend: an improvement of the material quality is
reflected in a reduction of the FWHM of the symmetric and asymmetric
rocking curves from 832” to 669” and from 702” to 547”, respectively. The
surface roughness (rms) measured by AFM is reduced from 1.0 nm to 0.8
nm. The presented structural and PL characteristics show that the quality
of our GaN on Si (111) is one of the best reported so far.
4.3.3 Conclusion
Optical and structural properties of GaN layers grown on Si(111) substrates
are investigated. First, the AlN buffer is optimized. Next, an intermediate
SixNy layer in combination with the second buffer layer is used to improve
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Figure 4.11: The PL spectra of the GaN samples grown on Si(111)
with the optimized AlN buffer layer (black line) and with an additional
SixNy layer (grey line) recorded at T= 4 K
the quality of the GaN epitaxial films. It results in a reduction of the D0X
FWHM to 10 meV and a 2.5 fold increase of its luminescence intensity. The
FWHM of symmetric and asymmetric ω−scans are reduced from 832” to
669” and from 702” to 547”, respectively. Therefore, this new approach can
be successively used for improvement of quality of GaN layers deposited on
Si(111) substrates.
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Chapter 5
Homoepitaxy
In this chapter we demonstrate that MOCVD growth of N-face homoepitax-
ial GaN layers, on misoriented (0001) GaN single crystal substrates results
in layers with a high optical and morphological quality. Photoluminescence
(PL) study of near-band-edge transitions in vicinal N-face layers reveals very
narrow (< 1 meV) excitonic peaks in contrast to broad PL emission in ex-
act (0001) epilayers. Free and bound exciton lines (FEA, FEB , D
0BE, and
A0BE) are observed at the same energy positions as in the Ga-face sam-
ples, suggesting that the lattice parameters of the Ga- and the misoriented
N-polar layers are the same. However, temperature and excitation depen-
dent PL of the misoriented N-face sample does not show one of the bound
exciton transitions (BE1), which is indeed present in the Ga-face film and is
associated with neutral acceptor bound excitons, incorporated only in the
Ga-polar epilayer.
A Secondary Ion Mass Spectrometry analysis of unintentionally incorpo-
rated impurities shows that a high background free electron concentration
in the epilayers of N polarity is directly connected to oxygen incorporation.
However, substrate misorientation of a few degrees appears to inhibit this
unintentional doping considerably, leading to essential improvement of op-
tical properties of the N-face layers and giving an unique opportunity to
compare the homoepitaxial samples of both polarities1.
1Published in Appl. Phys. Lett. 76, 2355 (2000), by V. Kirilyuk, A.R.A. Zauner,
P.C.M. Christianen, J.L. Weyher, P.R. Hageman, and P.K. Larsen; in J. Crystal Growth
230, 477 (2001), by V. Kirilyuk, A.R.A. Zauner, P.C.M. Christianen, J.L. Weyher, P.R.
Hageman, and P.K. Larsen; and in Mat. Res. Soc. Proc. 639, G6.23.1 (2001), by V.
Kirilyuk, M. Zielinski, P.C.M. Christianen, A.R.A. Zauner, J.L. Weyher, P.R. Hageman,
and P.K. Larsen.
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5.1 Introduction
The recent progress in GaN-related (opto)electronic devices is based on a
constant improvement of the structural and morphological quality of het-
eroepitaxially grown III-nitride layers [1]. The lattice mismatch and differ-
ent expansion coefficients of epilayer and substrate cause however a high
density of defects and a biaxial strain in the heteroepitaxial layer changing
the basic optical properties of the material [2–5]. In contrast, homoepitax-
ial GaN-layers correspond to almost stress-free material [6] with a much
lower dislocation density (104 − 105 cm−2) [7]. Superior optical quality has
been demonstrated for (0001) Ga-face layers, showing excitonic transitions
narrower than 1 meV [7, 8]. Up to now, most attention has been paid to
Ga-polar layers, mainly due to the fairly good morphological properties of
these films as compared to N-polar ones [8, 9]. From a technological point
of view, N-face GaN layers have lately attracted much attention since, in
contrast to Ga-face layers, they are easily processable by mechano-chemical
etching [10] and have lower dislocation densities. Moreover, the availability
of GaN films of the both Ga and N polarities offers an additional degree of
freedom for optimizing high frequency/high power electronic devices by uti-
lizing polarity-dependent built-in electric fields [11]. Unfortunately, epitaxial
layers grown on N-face GaN substrates generally reveal a rough surface mor-
phology with hexagonal hillocks and a high free carrier concentration. The
lack of good homoepitaxial N-face layers has therefore significantly ham-
pered fundamental studies of all polarity-related effects in GaN.
In this chapter we show that epilayers deposited on N-polar GaN sub-
strates are able to exhibit a smooth surface and narrow photoluminescence
(PL) lines, provided that they are grown on misoriented substrates [13]. The
substrate miscut introduces additional steps on the substrate surface lead-
ing to lateral overgrowth of potential hillock nucleation centers and results
in a smooth epilayer morphology together with a significant suppression of
donor concentration. Consequently, the optical quality of the N-face films
is drastically improved enabling a direct comparative study of epilayers of
Ga- and N-polarities. Shallow-impurity-related photoluminescence (PL) in
homoepitaxial (0001) GaN films (N polarity) is presented and discussed in
the following sections. The observed PL features are correlated to the com-
positional properties of the samples, which were derived from Secondary
Ion Mass Spectrometry (SIMS) analysis. The impurity incorporation in the
N-polar films grown on exact and misoriented GaN single crystals will be
compared to that of similar Ga-polar films and to our standard N-polar
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epilayers grown on sapphire substrates.
5.2 GaN substrates
At present, there are very limited possibilities for growth of bulk GaN, which
can be used as substrates for homoepitaxial growth of GaN. One possibil-
ity, which is very promising for the future is hydride vapor-phase epitaxy
(HVPE), which is further discussed in Chapter 6. Here we describe the
homoepitaxial deposition of GaN layer on GaN substrates fabricated by
the high-nitrogen-pressure solution method, where GaN single crystals are
grown from a solution of atomic nitrogen in liquid gallium under high N2
pressures (≈ 10 − 20 kbar) and at high temperatures (1400 − 1600◦C) [12].
This type of GaN growth shows a strong growth anisotropy resulting in
platelet-shape crystals with a surface of a few hundreds of mm2 and a bulk
thickness of 100 − 200µm. The typical duration of the growth is 120−150
hours. This bulk GaN material has a very low density of dislocations,
≈ 102 − 103 cm−2, but is strongly unintentionally doped with oxygen, n
≈ 1019 − 1020 cm−3. Details of their structural properties and the growth
technique have been described earlier [12]. Homoepitaxial growth on such
bulk crystals is not always reproducible due to surface preparation difficul-
ties, but very often it results in layers of extremely high optical quality and
may be considered as almost relaxed single crystal films [6].
5.3 Experimental
Nominally undoped GaN epilayers were deposited in a horizontal MOCVD
reactor at a temperature of 1040◦ C with a pressure of 50 mbar using
trimethylgallium (TMG) and ammonia (NH3) as precursors and hydro-
gen (H2) as a carrier gas. Growth was performed with a TMG flow of
63 µmol/min and an NH3 flow of 2.5 standard liter per minute (slm), di-
luted with H2 to a total flow of about 5 slm. The deposition time was about
1 hour resulting in homoepitaxial layers with a thickness of approximately
1− 2µm [13]. Prior to the epitaxial growth mechano-chemical polishing (for
N-face [10]) or mechanical polishing with subsequent reactive ion etching
(for Ga-face [9]) were applied in order to obtain epi-ready smooth substrate
surfaces. Structural and morphological properties of the resulting epilayers
were studied in detail in Refs. [9, 10, 13]. A direct investigation of the free
carrier concentration with Hall measurements was, unfortunately, not possi-
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ble because of the highly conductive substrates. However, the PL line-width
can be considered as an indirect measure of the free-carrier concentration
in the upper part of the homoepitaxial films. By comparison of the very
narrow PL peaks shown below with the PL lines of similar homoepitaxial
GaN reported earlier [14, 15], the free carrier concentration of the top 100
nm of the epilayer was estimated to be in the range of low 1017 cm−3 for
both the Ga-face and misoriented N-face samples.
PL measurements were performed at temperatures from 4 K to 110 K.
A HeCd laser (325nm) was used for excitation with power densities up to
I0 = 50 W/cm
2, incident at approximately 30◦ to the normal of the sample
surface. The spectral resolution was 0.35 meV in the region from 3.2 eV to
3.55 eV, unless stated otherwise.
Secondary Ion Mass Spectroscopy (SIMS) profiling was obtained with
a Cameca 6F instrument using 14.5 keV primary Cs+ ions and a negative
secondary beam. The absolute concentrations of H, C, O, and Si were esti-
mated using conversions factors taken from Ref. [16].
3.44 3.45 3.46 3.47 3.48 3.49
0.1
1
10
FEB
FEAa
D0BE
BE2
BE1
A0BE
T=4K
N-face
miscut N-face
Ga-face
PL
 in
te
n
si
ty
   
(ar
b.
 
u
n
its
)
Energy  (eV)
Figure 5.1: Low temperature PL spectra of Ga-face, N-face and
4◦−misoriented (toward the [1120] direction) N-face samples.
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5.4 Exciton related photoluminescence in homo-
epitaxial GaN of Ga and N polarities.
Low temperature PL spectra of a (0001) Ga-face, a (0001) N-face and a
misoriented N-face GaN epilayer are presented in Fig. 5.1. The misoriented
sample was grown on the (0001) GaN single crystal substrate with an off-
angle of 4◦ toward the [1120] direction [13]. The epitaxial layers grown
on the exact (0001) N-face substrate result in broad PL emission indicat-
ing a high free electron concentration as a consequence of either intrinsic
donor generation or enhanced donor incorporation [15]. In order to monitor
the influence of the substrate preparation on the epilayer properties, either
mechano-chemical polishing or mechanical polishing with subsequent reac-
tive ion etching were used also on (0001) substrates. In both cases, however,
the exact (0001) films reveal PL spectra of the same intensity and shape.
In contrast, the miscut N-face epilayer shows a PL spectrum very similar
to that of the (0001) Ga-face sample featuring narrow bound and free exci-
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Figure 5.2: PL spectra of the Ga-face epilayer taken at temperatures
ranging from 5 K to 100 K. The numbers on the curves denote the
corresponding temperature in K.
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tonic lines. Two peaks, FEA (3.4789 eV) and FEB (3.4832 eV), associated
with A and B free excitons, dominate the PL spectra at higher tempera-
tures for both samples (Figs. 5.2, 5.3). The assignment of these peaks is
also supported by reflectance measurements performed on similar (Ga-face)
samples [8, 17, 18]. The PL line at 3.4714 eV (Fig. 5.1) was attributed to
excitons bound to a neutral donor (D0BE) with an exciton localization en-
ergy (i.e. an energy distance between the D0BE and FEA peaks) being of
7.5 meV. The FWHM of the D0BE peaks at 4 K goes down to 0.35 meV
in the Ga-face layer, and to 0.9 meV in the misoriented N-face one. The
D0BE line in the misoriented N-face sample is the narrowest line that has
been reported in homoepitaxial GaN of N-polarity. Even the line-shape of
the D0BE peak suggests a many-fold splitting within the excitonic line, as it
has been found only for the ”state of the art” Ga-polar layers. Although the
narrow PL peaks of the misoriented N-face sample point out a strongly re-
duced free carrier concentration, the dominant character of the D0BE peak
at low temperatures still indicates a considerable amount of donors.
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Figure 5.3: PL spectra of the misoriented N-face epilayer (4◦ miscut
towards the [1120] direction) measured at temperatures ranging from
4 to 110 K. The numbers on the curves denote the corresponding
temperature in K.
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It is important to note that the energy positions of almost all exciton
peaks observed in the miscut N- and Ga-face layers are identical. This also
includes a peak labeled a (at 3.4752 eV), which can be associated with donor
bound excitons formed with participation of a deeper valence band hole,
and a peak originating from excitons bound to neutral acceptors (A0BE at
3.4556 eV). As a consequence we can conclude that the structural properties,
i.e. the lattice parameters of the Ga- and misoriented N-polar layers, are
identical.
The main difference between the high quality Ga- and N-face layers is
related to the spectral region around 3.466 eV. The origin of the emission
lines BE1 (3.4654 eV) and BE2 (3.4664 eV) in this region seems to be am-
biguous and have been previously identified either as excitons bound to a
neutral acceptor [18,19] or as ionized-donor bound excitons [20,21]. The BE1
peak is more pronounced than BE2 in the Ga-face sample but not present
in the misoriented N-face one. In the Ga-face layer, the BE2 peak can only
be seen as a high-energy shoulder of the BE1 line because its FWHM (≈ 2
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Figure 5.4: Low temperature (4K) PL of the Ga-face layer at differ-
ent excitation intensities measured with a spectral resolution of 0.2
meV.
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meV) is larger than the separation between the BE1 and BE2 transitions
(≈ 1 meV). The localization energies of these bound excitons are found to
be 13.5 meV and 12.5 meV for BE1 and BE2, respectively. However, the
thermal quenching of the lines happens earlier than for the D0BE, at 50 K
for the BE1 (Fig. 5.2) and at 30 K for the BE2 (Fig. 5.3). This unusual
behavior is probably related to exciton tunneling from BE1 and BE2 states
to donor bound or even to free excitons. This concluesion has been derived
from the time-decay of PL at temperatures above 30 − 40 K [18]. The ex-
citation dependent PL for the Ga-face layer in Fig. 5.4 shows saturation
of the BE1 peak intensity with increasing excitation power. On the other
hand, the PL spectra for the misoriented N-face layer in Fig. 5.5 reveal no
saturation of the BE2 line even at higher excitations. Therefore, from the
temperature and excitation power dependent PL it follows that the BE1
and BE2 peaks have different origin. In our opinion, the BE1 line can be
assigned to excitons bound to an acceptor as this transition is not seen in
the N-face sample, but dominates the spectrum of the Ga-face epilayer, in
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Figure 5.5: Low-temperature (4K) PL of the misoriented N-face
layer (4◦ miscut towards the [1120] direction) at different excitation
intensities.
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which the incorporation of acceptors is expected to be easier [15]. The origin
of the BE2 peak can be another acceptor or donor present in both epilayers
(for discussion see section 5.6.3). In order to identify the specific acceptor
corresponding to the BE1 peak and to determine the origin of the BE2 peak
further investigations are needed.
It is very important that the photoluminescence spectra of GaN epitaxial
layers grown on vicinal N-polar GaN substrates demonstrate the same high
optical quality as the Ga-polar layers, revealing narrow free and bound ex-
citon transitions (PL line width below 1-2 meV). In contrast, N-polar films
deposited on exactly oriented (0001) substrates exhibit a broad PL emission
resulting from high free carrier concentrations. However, the understanding
of the structural differences of epilayers of both polarities (e.g. different
density of intrinsic/extrinsic defects, dislocations, inversion domains) and
their relation to the optical spectra still needs to be clarified.
5.5 Homoepitaxial N-polar GaN grown on differ-
ently misoriented substrates
To optimise both the morphology and the optical properties of homoepi-
taxial GaN, a broader range of misorientation degrees and directions were
investigated and are summarised in this section. Optical microscope images
in Fig. 5.6 confirm that the roughness of the epitaxial layers decreases with
increase of the misorientation degree. This behaviour was not only found
for misorientation towards the [1010] direction, as shown in the figure, but
also towards the [1120] one. the morphology of the samples with similar
degree of the misorientation but in different directions was found to have
similar surface features. Unfortunately, we could not prepare samples with
a larger angle of misorientation, due to the technical difficulties of polishing
of such relatively thin and small-area substrates. However, a miscut larger
than 4◦ is not expected to improve the morphology much further, since the
step density of the miscut surface already exceeds the step density of the
hillock nucleation centers, leading to the lateral overgrowth of the potential
hillock sources [13].
The influence of the different misorientations on the PL properties of the
(0001) GaN epilayers is presented in Fig. 5.7. All vicinal (0001) GaN films
show very similar luminescence, but properties a distinct improvement in
optical quality as compared to the exact (0001) layers (see also Fig. 5.1).
However, since the lattice parameters of the epitaxial layers grown on the
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differently misoriented substrates are sometimes different, it is not enough
to rely only on the positions of the PL peaks. In order to verify whether the
origin of the PL lines, detected at the same energies, is indeed the same in
all misoriented samples, we followed the development of the PL signal with
temperature. The sample with 4◦-off angle towards the [1010] direction
(Fig. 5.8) exhibits an identical temperature-dependent PL behavior as the
4◦-miscut in the [1120] direction (compare with Fig. 5.3). However, the mis-
orientation in the [1120] direction seems to result in slightly better optical
properties as compared to the [1010] one. The full width at half maximum
(FWHM) of the D0BE peak at T = 4 K is 0.9 meV for the 4◦ misorienta-
tion towards the [1120] and 1.4 meV for the same degree of misorientation
towards the [1010] direction (Fig. 5.7). The free exciton transitions, FEA,
are more pronounced in the sample with the [1120]−miscut, whereas the
A0BE peaks are relatively stronger in the film with the [1010] misorienta-
tion. It should be also mentioned that the intensity of the donor-acceptor
recombination peak (energy position ∼ 3.327 eV) in the layers with the mis-
orientation towards [1010] direction was found to be a few times stronger
than in the [1120] one (not shown). All these PL features suggest that the
miscut towards the [1120] crystallographic direction results in an epilayer of
N-polarity suggesting the lowest level of impurity states. It is well known
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Figure 5.6: Optical microscopy images of homoepitaxial GaN of 2◦
and 4◦ miscut towards the [1010] direction [13].
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that both intrinsic defects and incorporated impurities could form shallow
donor/acceptor levels (see section 5.6), but at the present stage it is unclear
which mechanism is responsible for the impurity reduction and which kind
of impurities are involved.
Changing the angle of misorientation from 2◦ to 4◦ in the [1120] direction
does not influence the PL properties significantly (see Fig. 5.7), although the
PL peaks observed in the 2◦−miscut epilayer are broader and less intense
in comparison to the 4◦ misorientation. In contrast, the morphology of the
films grown on the miscut (0001) GaN clearly improves with the increase
in a degree of the misorientation ranging from 2◦ to 4◦ (see Fig. 5.6), but
apparently, the improvement of morphology does not further lead to better
optical quality.
Summarizing the discussion above, we conclude that the best optical and
structural properties of the N-face homoepitaxy are achieved using the 4◦
misorientation towards [1120] direction: it results in a good film morphology,
the lowest background free carrier concentration and the best optical quality.
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Figure 5.7: Low temperature PL spectra of homoepitaxial GaN of
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5.6 Shallow impurities in homoepitaxial GaN
In order to understand the striking difference in the PL spectra of sam-
ples with different polarities and misorientations, possible sources of shallow
donors and acceptors should be investigated. The most straightforward way
to start with, is to study extrinsic impurities, which are unintentionally in-
corporated into the layers and can be revealed with Secondary Ion Mass
Spectrometry (SIMS).
5.6.1 SIMS analysis
SIMS measurements were performed on different N-face epilayers deposited
on exact (sample 1) and miscut (0001)−GaN single crystals with an off-angle
of 4◦ towards the < 1010 > and < 1120 > directions (labelled samples 2 and
3 respectively). In addition, the results obtained on the N-polar samples are
also compared to those measured on Ga-polar ones [9]. The SIMS depth
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Figure 5.8: Temperature-dependent PL of the N-polar GaN epilayer
with 4◦ misorientation towards the [1010]. PL spectra were taken at
temperatures ranging from 4 to 70 K.
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Figure 5.9: Secondary Ion Mass Spectroscopy analysis of homoepi-
taxial GaN films grown on different substrates: a) exact (0001) (sam-
ple 1); b) 4◦ off-angle towards the < 1010 > (sample 2); and c) 4◦
off-angle towards < 1120 > directions (sample 3). Notation used in
the figure: solid line - oxygen, solid up-triangles - silicon, open down-
triangles - hydrogen, open circles - carbon.
profiles for the samples 1, 2 and 3 are presented in Fig. 5.9 and Table 5.1.
Oxygen. The most striking observation in the SIMS analysis is that the
epilayers show significant variations in the oxygen concentration for the ex-
act and miscut (0001) films. The concentration of oxygen in the sample 2
(obtained at a 0.6−µm distance from the substrate) is ≈ 2×1018 atom/cm3,
which is one order of magnitude lower than in the sample 1 at the same
depth (≈ 2.5 × 1019 atom/cm3). Oxygen and nitrogen have very similar
covalent radii, and therefore oxygen can easily substitute nitrogen in the
GaN lattice, acting as a shallow donor [22]. Thus, from the SIMS data,
it can be concluded that a high free carrier concentration and broad PL
emission in the exact N-face epilayers apparently result from a high oxy-
gen concentration. Inhibiting the unintentional incorporation of oxygen by
substrate misorientation directly leads to the remarkable improvement in
optical quality of the N-face films.
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The shape of the SIMS profiles, high at the substrate/layer interface and
decreasing towards the surface, suggests that the contamination by oxygen
occurs, at least partially, due to diffusion from the GaN substrate, which
is highly doped with oxygen [23]. The oxygen and other impurity con-
centrations detected in our epitaxial and bulk GaN by SIMS analysis are
summarized in Table 5.1. It appears that the concentration of oxygen in
impurity (atom/cm3) oxygen silicon carbon hydrogen
sample 1 1.5× 1019 1.5 × 1018 8× 1016 8× 1017
N exact
sample 2 2× 1018 1018 1017 1018
N 4◦ off < 1010 >
sample 3 1.6× 1018 3.5 × 1017 7× 1016 8× 1017
N 4◦ off < 1120 >
substrates 2× 1020 (0.6 − 8) (0.8 − 1.5) (6− 9)
bulk GaN ×1018 ×1019 ×1017
on sapphire 1.5× 1018 2× 1017 1017 1018
N exact
sample I 2× 1017 1017 8× 1016 6× 1017
Ga exact
sample II 3× 1017 9× 1017 2× 1017 8× 1017
Ga exact
on sapphire 7× 1017 5× 1017 7× 1017 2× 1018
Ga exact
Table 5.1: SIMS data of impurity concentrations in the 0.6−µm thick
N-polar GaN films measured in units of atom/cm3.
the substrate (≈ 2 × 1020 atom/cm3) is significantly higher than the free
carrier concentration (n ≈ 1019cm−3 [22]), suggesting that a large amount
of oxygen is interstitial and hence relatively mobile. Moreover, the oxygen
incorporated in the epitaxial layers must be not only substitutional (on ni-
trogen sites), but partly interstitial as well, since we don’t expect such high
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free carrier concentrations or a strong compensation in our miscut epilay-
ers (oxygen concentrations are higher then 1018 atom/cm3). We also would
like to stress here the distinct steps in the oxygen concentration at the sub-
strate/epilayer interface (Fig. 5.9): the change in oxygen concentration is
much larger in samples 2 and 3. This, probably, results from different sur-
face kinetics and incorporation processes in the exact and misoriented films
during the layer nucleation and growth. The oxygen concentration detected
at the surface of the epilayer decreases with the thickness of the layer, result-
ing in improved PL properties of the top of the homoepitaxial samples (see
PL and SIMS of sample 3). Taking into account the SIMS profiling shape,
the strong gradient of O-concentration between substrate and epilayer and
existence of the interstitial oxygen, diffusion of oxygen during the epitaxial
growth is strongly suggested.
In order to establish impurities coming from the MOCVD reactor, we
have also performed SIMS analysis of one of our (0001)-heteroepitaxial film
grown on a sapphire substrate (see Table 5.1). The concentration of oxygen
in this heteroepitaxial sample is ∼1.5× 1018 (this is one order of magnitude
lower as compared to the exact homoepitaxial films) and does not depend
on the layer thickness at all. Therefore, we take this value as an indication
for the oxygen concentration resulting from the ambient atmosphere of our
MOCVD reactor during the growth.
Comparing the compositional properties of the (0001) and (0001) GaN
layers we find some clear differences between the layers of different polarities.
In particular, SIMS measurements on homoepitaxial Ga-polar sample (sam-
ple I in Table 5.1), exhibit much lower oxygen concentration (≈ 2×1017) [9].
The fact that the PL spectra of (0001) layers usually reveal narrower PL
lines (often below 1 meV) confirms that O-impurity is indeed responsible for
broadening of the PL emission in (0001) GaN. A preferable incorporation of
oxygen in the layers of N-polarity was observed in a large number of other
samples grown by MOCVD on both sapphire and bulk GaN substrates. For
example, a homoepitaxial Ga-polar sample II in Table 5.1 exhibit a little
higher than average unintentional doping, but the O-concentration remains
relatively low. Moreover, when heteroepitaxial films of both polarities are
compared, the O-concentration is also clearly lower in the Ga-face samples,
and this is in spite of the fact that heteroepitaxial Ga-polar films usually
show higher impurity concentrations as compared to the best homoepitaxial
Ga-face samples. The stronger contamination of the heteroepitaxial Ga-
face films can be probably explained by a large lattice mismatch with the
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sapphire substrate resulting in formation of different defects and enhanced
unintentional doping.
Other impurities. The behavior of other impurities as silicon, carbon
and hydrogen, found in the homoepitaxial layers of both polarities essen-
tially differs from oxygen (Table 5.1). Fig. 5.9 shows that in the N-face
samples the concentrations of Si, C and H changes abruptly at the sub-
strate/layer interface, remaining fairly homogeneous throughout the entire
epilayers. Moreover, the concentration of the impurities does not depend
on their initial concentration in the substrate and can be both higher and
lower than in the bulk single crystals. The concentration of Si is, however,
higher in the samples 1 and 2, indicating a difference in Si incorporation for
different directions of misorientation.
Comparing the unintentional incorporation of Si, C and H in the layers
of different polarities, we often see higher silicon and carbon concentrations
in the Ga-face layers. This trend is not very strong, especially if all the
scattered SIMS data of hetero- and homoepitaxial samples are taken into
account. The concentration on hydrogen is, in contrary, surprisingly similar
in all GaN films of both polarities.
5.6.2 Donor bound excitons
In spite of the quite extensive study of the extrinsic impurities in the MOCVD
grown layers, identification of the shallow impurities detected in PL spec-
tra remains nevertheless ambiguous. The dominant peak in all N-face GaN
films corresponds to donor-bound excitons (DBE), which was found at the
same energy position as in the Ga-face films (3.471-3.472 eV). The localiza-
tion energy of the DBE peak in our samples is EL = 7−8 meV (Fig. 5.1).
Assuming the validity of Haynes’ rule in GaN, the binding energy of the
corresponding donor should be ED = 35−40 meV (EL/ED = 0.2) [24]. This
value is too high for the Si-donor, the binding energy of which is reported
to be in the range of 17-30 meV [25, 26]. On the other hand, the reported
binding energy of the O-donor is 78 meV [27] and at the present stage it is
not clear whether a shallow oxygen donor level can exist about 30-40 meV
below the conduction band of GaN. If oxygen can form an impurity level
in the GaN band gap, which is shallow enough, it would be an excellent
candidate for the observed donor (localization energy ≈ 8 meV) and in full
agreement with our PL and SIMS data.
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It should also be mentioned that the D0BE peak is strongly dominant in
all GaN samples, which are grown on different substrates and using various
techniques. It is, therefore, not unnaturally to think about some intrinsic
defect, like vacancies or interstitials inducing shallow-effective-mass states
in the band gap of GaN. Recently, there have been many theoretical re-
ports on the formation energies and feasibility of such defects. Although
the conclusions are somewhat controversial, it has been agreed that the
nitrogen vacancies and gallium interstitials can form a shallow-donor like
levels. The ionization energy of the N-vacancy donor is predicted to be 30-
40 meV [28, 29], which fit well to the donor binding energy expected from
PL studies.
The fact that the D0BE line in the homoepitaxial layers often appear
as a doublet or triplet (see Fig. 5.1), with a peak-separation of about 0.5-
0.9 meV, indicates the possibility of revealing either crystal-field related
splitting, or different donors (e.g. both intrinsic and extrinsic) with a very
similar localization (and hence binding) energy [30]. A similar splitting of
the D0BE peak has also been observed by other groups [31]. Only when the
concentration of oxygen increases, the D0BE peak broadens and the doublet
structure can no longer be resolved.
5.6.3 Acceptor-bound-exciton transitions and donor-acceptor-
pair recombination
The PL spectra of different Ga-polar homoepitaxial layers can vary from
sample to sample, as presented in Fig. 5.10, most probably due to slight
variations in properties of GaN single crystals and/or their surfaces pre-
pared for the epitaxy. The energy positions of the detected PL peaks are
usually found to be the same (also meaning that only the BE1 line was
observed), but the relative intensities of the bound exciton transitions and
donor-acceptor-pair recombination peaks are varying. Those layers, that
show the BE1 peak of higher intensity, also have a stronger donor-acceptor
pair (DAP) recombination, which is consistent with the assignment of the
BE1 peaks to acceptor-bound-exciton states. Indeed, the higher intensity
of the BE1 line suggests a higher concentration of acceptors, which are also
participating in the donor-acceptor-pair recombination. The DAP transi-
tions are usually enhanced in films, which are not simply n- or p-doped, but
in layers, which have rather compensated character, showing the presence
of both donors and acceptors. Thus, layers with a strong DBE but weak
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Figure 5.10: Low-temperature PL spectra of different homoepitaxial
Ga-polar layers.
BE1 peaks should have a weaker DAP recombination. In addition to that,
there is a very effective coupling of the DAP and the bound excitons BE1 to
longitudinal optical phonons (LO) with energy of ∼ 92 meV. Due to the cou-
pling of the photons with the LO-phonons, not only the direct transitions
are seen in Fig. 5.10, but also their LO-phonon replicas, i.e. transitions
with simultaneous emission (or absorption) of a photon and one or more
phonons. From the earlier studies of III-V and II-VI semiconductors it is
well known that the acceptor-bound excitons are coupled to the LO-phonons
more effectively, compared to the donor-bound excitons [32]. Therefore, the
observation of BE1−LO line is strongly in favor of assignment of the BE1
peak to an acceptor bound exciton transition.
It is not much known yet about ionization energy of shallow acceptors in
the GaN material, although carbon and silicon on the nitrogen sites, as well
as Ga-vacancies and N-interstitials are considered to be the prime candidates
for the shallow acceptors in III-nitrides. Unfortunately no correlation of the
BE peaks to carbon or silicon was evidenced in the present study. This
makes the authors to be more in favor of the hypothesis of intrinsic defects
forming the observed acceptor states in the GaN band gap.
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5.7 Summary
Although GaN researchers already started to use a ”state of the art” expres-
sion in relation to the quality of the GaN layers, the purity and structural
properties of the GaN films are still very far behind as compared to those of
GaAs or other conventional III-V compounds. Since there are to many pa-
rameters and factors that have to be taken into account or, in contrary, ruled
out, very few definitive conclusions can be made over the impurity states in
the band gap of GaN. There has been almost none unequivocal experiments
to support theoretical predictions and calculations in this area, leading to
many speculations and sample-dependent experiments and conclusions.
To summarize our study, extended photoluminescence and SIMS mea-
surements related to the investigation of shallow-impurity-states in the ho-
moepitaxial GaN films of both polarities grown by MOCVD was performed.
Photoluminescence spectra of N-polar epilayers deposited on misoriented
substrates demonstrate the best reported up to now optical quality, show-
ing free exciton transitions in addition to narrow bound exciton peaks (line
width 1−2 meV). One of the transitions, assigned to acceptor bound exci-
tons, is detected only in the Ga-face homoepitaxial layers. As derived from
Secondary Ion Mass Spectrometry, exact (0001) epilayers reveal very high
concentrations of oxygen (1.5× 1019 atom/cm3), which are about one order
of magnitude higher than that in the layers grown on a 4◦−off substrates.
It is therefore concluded that oxygen is responsible for the high free carrier
concentration and might be a dominant shallow donor in the homoepitaxial
N-polar films. It is also shown that incorporation of oxygen strongly depends
on the polarity of the films (Ga or N). Concentrations of other impurities,
such as Si, C and H are found to be similar for homoepitaxial films of both
polarities being consistent with the results of exciton-related PL.
References
[1] T. Deguchi, D. Ichiryu, K. Toshikawa, K. Sekiguchi, T. Sota, R. Matsuo, T.
Azuhata, M. Yamaguchi, T. Yagi, S. Chichibu, and S. Nakamura, J. Appl.
Phys. 86, 1860 (1999).
[2] K. Funato, S. Hashimoto, K. Yanashima, F. Nakamura, and M. Ikeda, Appl.
Phys. Lett. 75, 1137 (1999).
[3] B. Gil, O. Briot, and R.-L. Aulombard, Phys. Rev. B 52, R17028 (1995).
76 REFERENCES
[4] P. Venne´gue`s, B. Beaumont, M. Vaille, and P. Gibart, Appl. Phys. Lett. 70,
2434 (1997).
[5] T. Paskova, E.M. Goldys, and B. Monemar, J. Crystal Growth 203, 1-11
(1999).
[6] M. Leszczynski, H. Teisseyre, T. Suski, I. Grzegory, M. Bockowski, J. Jun, S.
Porowski, K. Pakula, J.M. Baranowski, C.T. Foxon, and T.S. Cheng, Appl.
Phys. Lett. 69, 73 (1996).
[7] B. Monemar, Mat. Science and Engineering B 59, 122 (1999).
[8] K. Kornitzer, T. Ebner, K. Thonke, R. Sauer, C. Kirchner. V. Schwegler, M.
Kamp, M. Leszczynski, I. Grzegory, and S. Porowski, Phys. Rev. B 60, 1471
(1999).
[9] J.L. Weyher, A.R.A. Zauner, P.D. Brown, F. Karouta, A. Barcz, W. Wojdak,
and S. Porowski, Phys. Status Solidi A 176, 1 (1999).
[10] J.L. Weyher, P.D. Brown, A.R.A. Zauner, S. Mu¨ ller, C.B. Boothroyd, D.T.
Foord, P.R. Hageman, C.J. Humphreys, P.K. Larsen, I. Grzegory, and S.
Porowski, J. Cryst. Growth 204, 419 (1999).
[11] O. Ambacher, B. Foutz, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu,
M. Murphy, A. J. Sierakowski, W. J. Sohaff, L. F. Eastman, R. Dimitrov, A.
Mitchell, and M. Stutzmann, J. Appl. Phys., 87, 334 (2000)
[12] I. Grzegory, J.Phys.: Condens. Matter 13, 6875 (2001)
[13] A.R.A. Zauner J.L. Weyher, M. Plomp, V. Kirilyuk, I. Grzegory, W.J.P van
Enckevort, J.J. Schermer, P.R. Hageman, and P.K. Larsen, J. Cryst. Growth
210, 435 (2000).
[14] B. Monemar, J.P. Bergman, I.G. Ivanov, J. M. Baranowski, K. Pakula, I.
Grzegory, and S. Porowski, Materials Science Forum 264-268, 1275 (1998).
[15] P. Prystawko, M. Leszczynski, B. Beaumont, P. Gibart, E. Frayssinet, W.
Knap, P. Wisniewski, M. Bockowski, T. Suski, and S. Porowski, Phys. Status
Solidi B 210, 437 (1998).
[16] J. W. Ericson, Y. Gao, and R. G. Wilson, Mater. Res. Soc. Symp. Proc., 395,
363 (1996).
[17] K. Pakula, A. Wysmolek, K.P. Korona, J.M. Baranowski, R. Stepniewski,
I. Grzegory, M. Bockowski, J. Jun, S. Krukowski, M. Wroblewski, and S.
Porowski, Solid State Commun. 97, 919 (1996).
[18] K.P. Korona, J.P. Bergman, B. Monemar, J.M. Baranowski, K. Pakula, I.
Grzegory, and S. Porowski, Mat. Science Forum 258-263, 1125 (1997).
[19] R. Stepniewski, A. Wysmolek, M. Potemski, J. Lusakowski, K. Korona,
K. Pakula, J.M. Baranowski, G. Martinez, P. Wyder, I. Grzegory, and S.
Porowski, Phys. Status Solidi B 210, 373 (1998).
[20] D.C. Reynolds, D.C. Look, B. Jogai, V.M. Phanse, and R.P. Vaudo, Solid
State Commun. 103, 533 (1997).
REFERENCES 77
[21] B. Sˇantic, C. Merz, U. Kaufmann, R. Niebuhr, H. Obloh, and K. Bachem,
Appl. Phys. Lett. 71, 1837 (1997).
[22] C. Wetzel, T. Suski, J. W. Ager III, E. R. Weber, E. E. Haller, S. Fischer, B.
K. Meyer, R. J. Molnar, and P. Perlin, Phys. Rev. Lett., 78, 3923 (1997).
[23] J. M. Baranowski, Z. Liliental-Weber, K. Korona, K. Pakula, R. Stepniewski,
A. Wysmolek, I. Grzegory, G. Nowak, S. Porowski, B. Monemar, and P.
Bergman, Mater. Res. Soc. Symp. Proc., 449, 393 (1997).
[24] J. R. Haynes, Phys. Rev. Lett., 4, 351 (1960).
[25] W. Go¨tz, N. M. Johnson, C. Chen, C. Kuo, and W. Imler, Appl. Phys. Lett.,
68, 3144 (1996).
[26] Y. J. Wang, H. K. Ng. K. Doverspike, D. K. Gaskill, T. Ikedo, I. Akasaki, and
H. Amano, J. Appl. Phys., 79, 8007 (1996).
[27] B.-C. Chung and M. Gershenzon, J. Appl. Phys., 72, 651 (1992).
[28] P. Perlin, T. Suzuki, H. Teisseyre, M. Lesczynski. I. Grzegory, J. Jun, S.
Porowski, P. Boguslawski, J. Bernholc, J. C. Chervin, A. Polian, and T. D.
Moustakas, Phys. Rev. Lett., 75, 296 (1995).
[29] P. Boguslawski, E. L. Briggs, and J. Bernholc, Phys. Rev. B, 51, 17255 (1995).
[30] P.P. Paskov, T. Paskova, P.O. Holtz, and B. Monemar, Phys. Rev. B 64,
115201 (2001).
[31] L. Eckey, I. Podlowski, A. Gldner, A. Hoffman, I. Broser, B. K. Meyer, D.
Volm, T. Streibl, K. Hiramatsu, T. Detchprohm, H. Amano, and I. Akasaki,
Inst. Phys. Conl. Ser., 142, 943 (1996).
[32] K.P. Korona, A. Wysmolek, J.M. Baranowski, K. Pakula, J.P. Bergman, B.
Monemar, I. Grzegory, and S. Porowski. Mater. Res. Soc. Symp. Proc. 482,
501 (1998).
78 REFERENCES
Chapter 6
Optical and structural
properties of GaN grown
by HVPE
Thick GaN layers grown by hydride vapor-phase epitaxy (HVPE) show suf-
ficiently good structural, electronic and optical quality to be used not only
as GaN substrates [1,2], but also to study the development of material prop-
erties versus the thickness of the layers. In this chapter, low temperature
photoluminescence (PL) and reflectance experiments on HVPE-grown GaN
films of different thicknesses (3−7 µm) are presented and compared to those
obtained on a freestanding 400 µm-thick HVPE sample. With increasing
layer thickness, the three acceptor bound exciton peaks found in these sam-
ples reduce in intensity, although the impurity concentrations, measured by
Secondary Ion Mass Spectrometry, do not depend on the sample thickness.
The observed acceptor transitions are attributed to intrinsic defects, origi-
nating from the substrate/layer interface and decreasing in density with the
thickness of the layer. The optical properties of the presented HVPE sam-
ples, studied by reflectance, temperature- and excitation power dependent
PL, are found to be essentially similar to those of homoepitaxial GaN films
grown by metal-organic chemical vapor deposition. Structural properties of
the samples are also investigated using defect-selective etching experiments,
Hall measurements and X-ray diffraction analysis1.
1Published in Appl. Phys. Lett. 79, 4109 (2001), by V. Kirilyuk, P.R. Hageman,
P.C.M. Christianen, M. Zielinski, and P.K. Larsen; and in Phys. Stat. Sol. (a) 188, 473
(2001), by V.Kirilyuk, P.R.Hageman, P.C.M.Christianen, F.D.Tichelaar, and P.K.Larsen.
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6.1 Introduction to HVPE
Hydride vapor phase epitaxy (HVPE) is a chemical vapor deposition method,
which is usually carried out in a hot wall reactor, at atmospheric pressure.
A specific feature of this method is that the group III precursors are synthe-
sized within the reactor vessel. In the case of GaN, gallium monochloride
(GaCl) is synthesized upstream in the reactor by reacting HCl gas with
liquid Ga metal at 800 − 900◦C. The GaCl is transported to the substrate
where it reacts with ammonia (NH3) at 900−1100
◦C to form GaN:
GaCl + NH3 ↔ GaN + HCl + H2
Due to the relatively low vapor pressure of the metal chlorides at room
temperature, these molecules will tend to condense on unheated surfaces.
This is a primary motivation for use of a hot wall reactor and in situ synthesis
of the metal chlorides. However, difficulties can result from the use of highly
corrosive HCl gas, which can quickly destroy the reactor equipment if care
is not taken to avoid air leaks. Moreover, the HVPE process tends to create
copious amounts of NH3Cl and GaCl3, which can condense on and eventually
clog exhaust lines unless they are heated to sufficiently high temperatures
(>150◦C) and/or operated at reduced pressure.
The HVPE technique has proven to be well suited for the growth of
thick GaN layers, which has led to the fabrication of free-standing GaN
substrates for subsequent homoepitaxial growth [1–6]. Due to the high pos-
sible growth rates (up to hundreds of micrometers per hour), the capability
of handling large wafer sizes and being relatively inexpensive, the HVPE
method is very promising for industrial applications. Despite of serious
drawbacks as layer cracking and inhomogeneous free carrier distributions,
recently reported GaN layers grown by HVPE show rather low defect den-
sities [3, 7], narrow photoluminescence (PL) peaks [3, 6] and high electron
mobilities [2, 8]. Therefore, HVPE grown material of high quality can be
used to study the thickness dependence of the structural and optical prop-
erties in order to clarify often controversial results, obtained on relatively
thin, highly stressed and defective GaN layers grown by metal-organic chem-
ical vapor deposition (MOCVD). Fig. 6.1 shows how the stress relaxation
takes place with increasing thickness of GaN films grown by HVPE.
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Figure 6.1: Energy position of the free A exciton peak (Xn=1A ) de-
tected in the low-temperature PL spectra of HVPE grown GaN films
of different thicknesses. The arrow shows the direction of strain relax-
ation. Samples presented later in this chapter are labeled with open
circles.
6.2 Experimental
Nominally undoped GaN films of thicknesses ranging from 3 to 400 µm
were deposited in a home built, horizontal HVPE reactor using MOCVD-
grown GaN layers (∼2µm) on sapphire substrates as tamplates. The HVPE
reactor was equipped with a two-zone furnace and operated at atmospheric
pressure. Nitrogen was used as a carrier gas (1 slm) and NH3 as a nitrogen
precursor (0.6 slm). The reactor was designed to obtain laminar flow and
allows mixing of the NH3 and the GaCl just above the susceptor. The GaCl
growth species were in situ synthesized by passing pure HCl over liquid
gallium at 890◦C. The growth rate was varied between 40 and 400 µm/hour
depending on the amount of HCl (5-50 sccm) at a growth temperature of
980◦C. During one growth run 5 different samples with surface areas of
∼1 cm2 were deposited. The thicknesses of the samples depended on the
position on the susceptor due to the not completely homogeneous flow of
gases and deplition of growth species. Fig. 6.2 shows two examples of sample
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Figure 6.2: Sample thickness variations depending on the position
on the susceptor during the same growth run. Open and solid circles
present HVPE growth with high and low deposition rates, respectively.
thickness variations depending on the position in the reactor. The open
symbols correspond to thick ”free standing” layers, which appear to crack
off the substrate, whereas the solid symbols represent thin ”epilayers” with
the thicknesses of 3−70 µm.
The free carrier concentration in the thinnest layer (∼3.5µm) under in-
vestigation was determined by Hall measurements employing the Van der
Pauw configuration and was found to be ∼ 6×1017 cm−3. High-resolution
X-ray diffraction (XRD) measurements were performed on a Bruker D8 in-
strument. Typical values of the full width of half maximum (FWHM) of the
symmetric (0002) reflection in the XRD ω−scans are 260−270 and 400−600
arc sec for the 5−18µm and 10−400 µm films, respectively. The increase
in FWHM of the rocking curve in the free-standing sample is attributed
to the formation of cracks. SIMS profiling was performed with a Cameca
6F instrument using 14.5 keV primary Cs+ ions and a negative secondary
beam. Photo-enhanced chemical (PEC) etching [9] was carried out in a
stirred KOH solution (0.004 molar) at room temperature using a 450−W
Xe lamp.
Photoluminescence spectra were obtained with the 325-nm line of a CW
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HeCd laser using an excitation power density up to I0 = 50 W/cm
2. The
PL emission was dispersed by a 0.6−m single monochromator providing a
spectral resolution of about 0.35 meV in the spectral region of interest (3.35−
3.55 eV). Quasi-monochromatic light from a 450−W Xe lamp, dispersed
by a 0.25−m monochromator (spectral resolution ∼ 1 meV), was used in
reflectance measurements at near-normal incidence to the sample surface.
The low temperature optical spectra were studied using a helium-flow cold-
finger cryostat.
6.3 Results and discussions
Low temperature (T=4 K) PL and reflectance spectra of a 4.9 µm thick
GaN layer are shown in Fig. 6.3. Fitting the reflectance data with a set of
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Figure 6.3: Low temperature PL and reflectance spectra of the 4.9
µm thick GaN layer grown by HVPE. The spectra show transitions
of free A, B and C excitons (Xn=1A , X
n=1
B and X
n=1
C respectively), a
first excited state of the A-band exciton (Xn=2A ), donor bound excitons
(D0XA) and acceptor bond excitons (A
1XA, A
0XAand A
2XA).
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four dispersion lines [10, 11] in the form:
R(ω) = R0 +
4∑
j=1
Rj(ωj − ω)
Γ2j + (ω − ωj)
2
we obtain free exciton positions at energies 3.4812, 3.4864 and 3.5051 eV for
the free A (Xn=1A ), B (X
n=1
B ) and C (X
n=1
C ) excitons respectively and the first
excited state (2S state) of the A-band exciton (denoted as Xn=2A ). Although
the Xn=2A transition is weak, it has to be included for a proper description
of the full reflectance spectrum. The Xn=1A , X
n=1
B and X
n=2
A lines are also
well resolved in the emission spectra. The PL spectrum in Fig. 6.3 can
be fitted using Lorentzian-shaped peaks, revealing in addition to the free
excitons also several donor and acceptor bound exciton transitions. The
dominant D0XA line is associated with excitons bound to neutral donors
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Figure 6.4: Low temperature PL measurements of HVPE GaN of
different thicknesses. The numbers on the curves denote the corre-
sponding film thickness. The PL spectra are shifted in order to line
up the Xn=1A peak, taking the free-standing 400 µm−thick layer as a
reference (values and directions of shifting are indicated with arrows).
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and is present in all types of GaN layers. At lower energy side, narrow PL
peaks with FWHM ∼ 2−3 meV at 3.4696 eV (A1XA), 3.4581 eV (A
0XA),
and 3.4433 eV (A2XA) are assigned to acceptor bound excitons (see also
discussion below). A broad PL peak at the energy position of approximately
3.454 eV (not labeled in Fig. 6.3) is sometimes identified in literature as a
two-electron replica of the DBE transition [10], although more evidences are
still required to confirm this assignment. Low temperature PL spectra of
GaN layers of different thicknesses are shown in Fig. 6.4. The PL spectra
are shifted in order to line up the free A-exciton positions taking a free-
standing 400µm sample as a reference. As the thickness of the HVPE films
increases (from 3 to 7 µm), the PL peaks become narrower (the FWHM
decreases from 3 meV to 2.2 meV), the Xn=1A line is more pronounced and
all transitions are continuously red-shifted, indicating both a release of stress
and an improvement of the material quality. The intensities of the acceptor-
bound exciton lines in the PL spectra decrease with the film thickness and
some of them even disappear. The 400 µm-thick free-standing layer shows
slightly broader PL peaks and a relatively low intensity of the Xn=1A line. We
mainly connect these effects with crack formation in the films (cracking in
the HVPE layers often occurs for thicknesses exceeding 10 µm, depending on
the growth rate and temperature). In order to further characterize the free
and bound exciton transitions and to confirm the identification of all peaks
mentioned above, we performed temperature- and excitation-dependent PL
experiments for all presented samples. PL spectra of the 4.9 µm thick layer
at temperatures ranging from 4 to 300 K are presented in Fig. 6.5, together
with the evolution of the phonon replicas of the excitonic lines (inset). The
donor bound exciton line (D0XA at E = 3.4746 eV) is the strongest one at
T = 4 K, but starting from T ∼ 30 K the free A-exciton peak dominates
the spectrum up to room temperature. From the difference in the energy
positions of the Xn=1A (E = 3.4812 eV) and X
n=2
A (E = 3.4992 eV) lines,
which are well-resolved in the emission spectra at T = 4 K, we calculate
the binding energy of the free A exciton in a straightforward way using the
hydrogen atom model adopted for excitons (see Capter 3.2.1)
EbA =
4
3
(
E(Xn=2A )−E(X
n=1
A )
)
and obtain EbA = 24 ± 1 meV, which is similar to previously reported val-
ues [3, 10]. Thermal quenching of the D0XA peak occurs at ∼ 80− 100
K corresponding to the observed localization energy (EDXl = 6.6 meV at
T= 4 K), suggesting that the release of donor-bound to free excitons is
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Figure 6.5: Temperature-dependent PL spectra (from 4 K to 300 K)
of a 4.9 µm-thick GaN epilayer grown by HVPE. The numbers on the
curves denote the corresponding temperatures (K). The free A-exciton
transition (Xn=1A ) dominates the emission at room temperature. The
development of the longitudinal optical (LO) phonon replicas of the
free and bound exciton transitions is shown in the inset, where LOX ,
A1, A0 and A2 stand for the LO-replicas of the X
n=1
A , A
1XA, A
0XA,
A2XA transitions, respectively.
responsible for the quenching. Three narrow PL lines at energy positions
3.4696 (A1XA), 3.4581 (A
0XA), and 3.4433 eV (A
2XA) are identified as ex-
citons bound to neutral acceptors, which is consistent with the observation
of their longitudinal optical (LO) phonon replicas (inset Fig. 6.5), due to a
strong coupling of acceptor bound excitons with LO-phonons in polar semi-
conductors [12,13]. Thermal quenching of the A1XA, A
0XA, A
2XA lines and
the corresponding LO−replicas (A1, A0, A2) takes place at 40− 60 K. The
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line labelled LOXA at ∼ 3.39 eV is a one-phonon assisted emission of the
A−band free excitons. Its line shape is asymmetric and reflects the Maxwell
energy distribution of the free excitons with their kinetic energy measured
relative to the exciton band minimum. The LOXA transition dominates in
the phonon-assisted-transition region at the elevated temperatures.
With increasing excitation power the intensity of PL peaks associated
with the free excitons, and especially the Xn=1A and X
n=2
A lines, increases
relatively bound exciton transitions. Moreover, the acceptor bound exci-
ton emission A1XA becomes saturated, as has previously been observed in
homoepitaxial films [14].
To evaluate the concentrations of impurities in our HVPE grown ma-
terial, we performed SIMS depth profiling and obtained values of about
(2 − 3) × 1017 atoms/cm3 for Si, O and C and ∼ 1018 atoms/cm3 for H in
the top 1 µm region (Fig. 6.6). In fact, these values are 5 to 10 times lower
than those measured in our hetero- and homo-epitaxial MOCVD layers (see
Chapters 6 and 7) [14,15]. Moreover, the impurity concentrations do not de-
pend on the sample thickness. Only in the 0.2−0.5 µm thick region closed to
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Figure 6.6: SIMS depth profiling of the impurity concentrations in
three GaN layers of different thicknesses (3.5 µm, 4.9 µm m, and 6.7
µm m) grown by HVPE. Notation used in the figure: solid line -
oxygen, solid squares - silicon, open down-triangles - hydrogen, open
circles - carbon
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the epilayer/substrate interface, the concentrations of impurities were found
to be slightly higher, as it was previously seen in other types of GaN sam-
ples [14, 15]. This result means, that if the bound-exciton peaks would be
related to the impurities studied by SIMS, their peak intensity ratio should
be similar for films of different thicknesses, since the probing depth of the
PL is only a few hundred nanometers and the impurity concentrations in
the upper part of all the layers are the same. Therefore, the changes in the
relative peak intensities in the epilayers of different thickness (see Fig. 6.4)
suggest that the observed acceptor levels are rather introduced by intrinsic
structural defects than by incorporation of impurities. Indeed, recent TEM
studies have shown a decrease of dislocation and defect densities with the
thickness of HVPE films [16, 17].
Photo-etching technique was used in order to determine the dislocation
densities in the studied HVPE grown GaN films. However, very similar
values of about (1.2 − 1.3) × 109 cm−2 were obtained for all the samples
presented above (Fig. 6.7a). The HVPE layers were not entirely homo-
geneous and sometimes showed extended planar defects (Fig. 6.7b), which
were etched faster inside [8]. It enables the determination of the disloca-
b
)
a
)
Figure 6.7: SEM images obtained after photo-electrochemical etch-
ing of HVPE-grown GaN films with thickness (a) 6.7 µm and (b) 3.5
µm. Etched pillars are formed on the dislocations in the layers. The
image (b) also shows dislocations in the GaN-template layer, since
the thin HVPE film is etched through at the position of the extended
planar defect
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tion density in the GaN template grown by MOCVD, which is found to be
few times higher than that of the HVPE films (∼ (3.6 − 3.8) × 109 cm−2).
Since the dislocation densities are not correlated to the changes in PL spec-
tra with increasing layer thickness, the observed shallow-acceptor levels can
only be ascribed to intrinsic defects like vacancies or interstitials, of which
concentrations decrease with the thickness of the film [11].
This conclusion is further confirmed by comparing the low temperature
PL features of the 3.5 µm HVPE layer with those of a 2 µm homoepi-
taxial GaN layer grown by MOCVD (see Fig. 6.8), where the latter was
shifted by 4.9 meV to higher energy side in order to align the free A-exciton
peaks. In both spectra the acceptor bound excitons A0XA and A
1XA are
present, although the A1XA peak in the thin HVPE film is not a single line
and the localization energy of these peaks is slightly varying. However, the
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Figure 6.8: Comparison of the PL features (at T = 4 K) of a 2 µm-
thick homoepitaxial GaN epilayer grown by MOCVD (lower curve)
and a 3.5 µm-thick film grown by HVPE (upper curve). The PL
spectrum of the homoepitaxial sample is shifted towards higher energy
to align the free A-exciton peaks of both samples. The peak denoted
as (D0XA)2e, is a two-electron replica of the donor bound exciton
transition.
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temperature and excitation power dependent PL reveals similar behavior of
the acceptor-bound-exciton peaks in both types of material. The thermal
quenching and the saturation of the A1XA peak with increasing tempera-
ture and excitation power takes place at the same conditions for both the
HVPE layers and in the homoepitaxial MOCVD films. We would like to
point out that the D0XA, A
0XA and A
1XA lines appear in samples with
completely different substrate preparations: reactive ion etching, mechano-
chemical etching or no etching/polishing, as well as using different growth
techniques. The interface region and the ambient of the reactor are usu-
ally the main sources of unintentional impurity incorporation, and it is very
unlikely that these characteristics are identical for the samples with such
different growth conditions and substrate preparation.
6.4 Conclusions
In conclusion, the optical investigation of high quality HVPE grown GaN
layers shows that most PL features of the HVPE films are essentially simi-
lar to those of homoepitaxial layers grown on single-crystal GaN substrates
by MOCVD. The development of the PL emission with the thickness of
the HVPE films reveals the quenching of acceptor-bound-exciton peaks,
but appears to be independent on impurity concentrations as measured by
SIMS. The dislocation densities revealed by photo-etching experiments do
not clearly depend on the layer thickness (at least up to 7-8 µm). Therefore,
the observed acceptor levels are assigned to intrinsic defects (e.g. vacancies
or interstitials), originating from the substrate/layer interface and decreas-
ing in density with the thickness of the film.
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Chapter 7
Piezoelectric polarization in
AlGaN/GaN quantum wells
The existence of huge built-in electric fields has been recently predicted and
observed in wurtzite III-nitrides thin films and multilayers. These electric
fields originate from the heterointerface discontinuities of the macroscopic
bulk polarization of the nitrides. Both spontaneous and piezoelectric effects
have to be taken into account to optimize the performance of the GaN-
based devices. In this chapter, a low temperature photoluminescence study
on two identical AlxGa1−xN/GaN single quantum wells (QWs), which are
pseudomorphically grown on either a GaN or an AlGaN buffer layer, is
described. The red shift of the QW emission due to the quantum confined
Stark effect, is found to be the strongest in the QW deposited on AlGaN, in
contrast to what is to be expected from the estimated built-in electric fields
due to spontaneous and piezoelectric polarization fields. Screening of the
built-in electric field by a relatively high sheet charge is one of the possible
reasons for the observed discrepancy. 1
1Published in Phys. Stat. Sol. (b) 228, 563 (2001), by V. Kirilyuk, P.R. Hageman,
P.C.M. Christianen, W.H.M. Corbeek, M. Zielinski, L. Macht, J.L. Weyher, and P.K.
Larsen.
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7.1 Introduction
The optical properties of AlxGa1−xN/GaN quantum wells (QWs) strongly
depend on the built-in electric field that originates from both spontaneous
polarization and strain-induced piezoelectric fields. In particular, QW tran-
sition energies vary in a non-trivial manner with well and barrier width,
excitation intensity, doping profile and built-in strain. Theoretically [1–3]
and experimentally [4–9] obtained values of the piezoelectric and sponta-
neous polarization show considerable discrepancies, which are primarily due
to uncertainties in material constants, the high sensitivity of the QW struc-
tures to the growth conditions and the large variety of the layer composi-
tions in the heterostructures used. Most of the reported studies have been
performed on multiple AlxGa1−xN/GaN QWs with an unstrained QW re-
gion and strained barriers. In order to determine the relative importance of
strain-induced piezoelectric effects, we have investigated two identical single
AlxGa1−xN/GaN QWs deposited by metal-organic chemical vapor deposi-
tion (MOCVD) on either a GaN (sample (a)) or an AlxGa1−xN (sample
(b)) buffer layer (Fig. 7.1). Assuming pseudomorphic growth of the QW
structures on the buffer, either the barrier (case (a)) or the QW (case (b)) is
strained. Low temperature photoluminescence (PL) measurements reveal a
significantly larger red shift of the ground state energy for the QW deposited
on AlGaN as compared to that on GaN. The change in the transition ener-
gies is discussed in terms of the differences in piezoelectric and spontaneous
(0001) Sapphire
1 µm GaN
1.9 µm Al0.09Ga0.91N
Sample (b)
2.7 µm GaN
(0001) Sapphire
55 nm
Al0.13Ga0.87N
2.8 nm
GaN QW
Sample (a)
2.8 nm
GaN QW
Figure 7.1: Structure of the samples deposited on a) a thick GaN
and b) on a thick Al0.09Ga0.91N buffers.
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polarization fields and screening due to the presence of an excess background
charge density.
7.2 Experimental
The two single QW structures, with a 2.8±0.3 nm well width and a 55±1
nm barrier thickness, were grown in a horizontal MOCVD reactor on (0001)
sapphire substrates at 50 mbar (see Chapter 4). The QWs were deposited
either on a 2.7 µm thick GaN or on a 1.9 µm thick Al0.09Ga0.91N buffer
layer (Fig. 7.1). In the latter case, a 1 µm GaN intermediate layer was used
between the Al0.09Ga0.91N layer and the sapphire substrate. The growth of
the GaN and Al0.09Ga0.91N buffers was performed at 1170
◦C and 1190◦C, re-
spectively, resulting in a growth rate of∼1.7 µm/hour. Ammonia, trimethyl-
gallium and trimethylaluminium were used as precursors. The Al0.13Ga0.87N
cladding layers with the thickness of 55 nm, were grown at conditions iden-
tical to those of the GaN deposition, i.e. a growth temperature of 1170◦C,
to avoid long growth stops at the QW interfaces. Both the active and
cladding layers were grown using a 50% reduced growth rate in order to
increase the interface sharpness. Transmission electron microscope (TEM)
cross-sectional images were obtained on a CM30T Philips instrument using
an accelerating voltage of 300 kV. The samples were mechanically ground,
Figure 7.2: TEM images of buffers and QWs of samples I (a) and II
(b).
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polished to a ∼ 15 µm thickness and subsequently thinned to electron trans-
parency by a Gatan PIPS 691 ion mill, using Ar at 3.5−4.5 kV. The TEM
images (Fig. 7.2) were used to determine the thickness of the layers and to
monitor the continuity of the QWs, the sharpness of the interfaces, and the
dislocation densities.
7.3 Built-in electric fields
Fig. 7.3 shows a schematic representation of the spontaneous and piezoelec-
tric polarizations in the QWs under investigation. Assuming pseudomorphic
growth of the QW structure (both barriers and well) on the thick buffer, it
follows that in case (a) the barriers are under tensile strain and the well is
relaxed, while in case (b) the barriers are (almost) unstrained and the well
region is under compression.
Spontaneous polarization depends only on the material composition and
has a fixed direction in the crystal. In our structures the electric fields result-
ing from spontaneous polarization point along the growth direction, which
makes the problem effectively one-dimensional. Thus, the electric fields in-
GaN buffer
Al0.13Ga0.87N barrier
tensile strained
Al0.13Ga0.87N barrier
tensile strained
GaN QW relaxed
Pbsp
Pbsp
Pwsp
Pbpz
Pbpz
a) Tensile-strained barrier b) Compressively-strained QW
Al0.1Ga0.9N buffer
Al0.13Ga0.87N barrier
relaxed
Al0.13Ga0.87N barrier
relaxed
GaN QW
Pbsp
Pbsp
Pwsp Pwpz
(0001)(0001)
Figure 7.3: Spontaneous PSP and piezoelectric PPZ polarizations in
pseudomorphic Al0.13Ga0.87N/GaN single QWs grown on thick GaN
(a) or AlGaN (b) buffer. In case (a) the barrier is tensile strained
and the active layer relaxed, in (b) the barrier is relaxed and the
active layer is compressively strained. The spontaneous polarization
is identical in both structures.
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duced by spontaneous polarization can be expressed [1] by
Espw = (P
sp
b −P
sp
w )
lb
(lbεw + lwεb)ε0
in the well, (7.1)
and
Espb = (P
sp
w −P
sp
b )
lw
(lbεw + lwεb)ε0
in the barrier, (7.2)
where εw,b are the dielectric constants and lw,b are the thicknesses of the well
and barrier respectively. Since the structural parameters and composition
of both QWs under investigation are the same, the electric fields induced by
the spontaneous polarization must be identical in samples (a) and (b) [1,2].
The electric fields induced by the piezoelectric polarization are given in
analogy to Eqs. 7.1, 7.2:
Epzw = (P
pz
b −P
pz
w )
lb
(lbεw + lwεb)ε0
in the wells, (7.3)
and
Epzb = (P
pz
w −P
pz
b )
lw
(lbεw + lwεb)ε0
in the barriers. (7.4)
The expressions above are obtained using the conservation of the electric
displacement and the proper boundary conditions (potential energy is the
same at the far right and left from the QW structure) [1]. In general, an
electric field will be present whenever Pb 6= Pw. In the present situation
(Fig. 7.2), where lw  lb, the electric field in the barrier can be neglected
(Epzb  E
pz
w ) and our consideration will concern only the piezoelectric fields
in the QW regions. Since Ppzw = 0 in the QW (a) and P
pz
b = 0 in the QW
(b) Eq. 7.3 becomes:
Epzw = P
pz
b
lb
(lbεw + lwεb)ε0
for QW (a) (see Fig. 7.3a), (7.5)
and
Epzw = −P
pz
w
lb
(lbεw + lwεb)ε0
for QW (b) (see Fig. 7.3b), (7.6)
where [Chapter 2.1.3]
Ppz =
[
e33
(c− c0
c0
)
+ e31
(2(a− a0)
a0
)]
zˆ. (7.7)
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As in the case of spontaneous polarization, the structural parameters in
Eq. 7.3 are exactly the same for the samples (a) and (b). Therefore, the
difference in the induced electric fields does only depend on the piezoelectric
polarization term (Eq. 7.7). From Eqs. 7.5, 7.6, 7.7 tensile strained barrier
with negative piezoelectric polarization has basically the same effect as a
compressively strained well with positive piezoelectric polarization:
Ppzb = e
AlGaN
33
(
−
∆c
c0
)
+ eAlGaN31
(2∆a
a0
)
in QW (a), (7.8)
and
Ppzw = e
GaN
33
(∆c
c0
)
+ eGaN31
(
−
2∆a
a0
)
in QW (b). (7.9)
The piezoelectric constants of AlGaN are larger than those of GaN (see
Chapter 2.1.3 and Ref. [3]), while the change in the lattice parameters is
almost identical. This implies that the polarization induced electric field
and, therefore, the red-shift of the QW-related PL peak due to the quantum
confined Stark effect is expected to be larger in sample (a), which is grown
on GaN buffer.
3.4 3.5 3.6 3.7 3.8
0
5
10
15 QW
(b)
(a)
Al0.09Ga0.91 N
   buffer
T = 4 K
Al0.13Ga0.87N
  barrier
QW
 GaN
buffer
relaxed
 GaN
x 10
 
 
PL
 in
te
n
sit
y 
(ar
b.
 u
ni
ts
)
Energy (eV)
Figure 7.4: Photoluminescence spectra (at T = 4 K) of the
Al0.13Ga0.87N/GaN single QWs grown on a thick GaN (a) or AlGaN
(b) buffer layer.
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7.4 Photoluminescence results
Fig. 7.4 displays PL spectra measured at T= 4 K using an excitation power
of 30 W/cm2, for samples (a) and (b). Pronounced PL peaks are observed
from the QW layers (FWHM∼30 meV), the barriers and the buffer lay-
ers. From the energy positions of the barrier and buffer related peaks we
can accurately determine the Al composition in the different layers and the
amount of stress in the thick GaN layer of sample (a). The energy position
of the free A exciton in the bulk-like GaN buffer shows a slight compres-
sive strain in comparison with homoepitaxial GaN layers (Chapter 5). The
resulting strain in the active layer of sample (a) can however be neglected
because of its much smaller value as compared to that of sample (b). The
Al compositions in the barriers and the thick AlGaN buffer of sample (b)
are estimated to be ∼ 13±1 % and ∼ 9±1 %, respectively [8]. Secondary
Ion Mass Spectroscopy (SIMS) measurements have confirmed this slightly
lower Al fraction in the buffer layer [10], which was caused by the difference
in the growth rates (Fig. 7.5). Temperature dependent PL measurements
(Fig. 7.6) showed localization of the QW peaks due to the potential fluctu-
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Figure 7.5: Concentration of Ga and Al in the QW (b) on AlGaN
buffer measured by SIMS [10].
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Figure 7.6: Evolution of photoluminescence with increasing temper-
ature (from 4 to 150 K) of the Al0.13Ga0.87N/GaN single QWs grown
on a thick GaN (a) and thick AlGaN (b) buffer layers.
ations at the barrier/well interfaces up to approximately T = 100 K. This
effect is assigned to the roughness and compositional fluctuations in the in-
terface regions, since the SIMS depth profiling in Fig. 7.5 suggests a small Al
segregation on the well/barrier interfaces. The alloy fluctuations are usu-
ally even more pronounced in MBE grown structures [5, 6]. It should be
mentioned that the PL peaks of both QWs do not shift with varying the
excitation power by two orders of magnitude (not shown), which proves that
the experiments correspond to the low power regime, meaning that screening
of the internal electric fields by photo-excited carriers is absent.
The most striking result in Fig. 7.4 is the fact that the red shift of the
QW emission appears to be the largest in the sample (b), grown on the
Al0.09Ga0.91N buffer, in contradiction with the predictions described above.
It should be also mentioned that the position of the PL peak in QW (a)
is considerably blue-shifted as compared to similar QWs studied by other
groups [6].
7.5 Discussion
Following the reasoning in Section 7.3 the electric field induced in the GaN
single QW grown on a GaN buffer (sample (a)), should be stronger as com-
pared to that of the identical QW grown on AlGaN (sample (b)). Moreover,
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the relative position of the QW peak in the sample (b) is expected to be at
a higher energy side compared to that of the sample (a) not only because of
the weaker polarization field, but also due to the strain-induced blue-shift
of the QW transition. The latter component is caused by an increase of the
band gap of the compressively strained active region in the structure (b).
The total blue-shift of the QW peak due to the well strain is expected to be
only a few meVs and it will not be taken into account in the following con-
sideration of the polarization-induced effects. The PL data (Fig. 7.4) show
that the QW peak of sample (b) is red-shifted by 60 − 70 meV (meaning
a larger built-in electric field) relative to the energy position of QW (a) .
From our estimates, possible experimental errors and uncertainties in the
determined parameters of the QWs can not account for the observed effect.
The most probable reason for the unexpected small red shift of the QW
peak in sample (a) is screening of the built-in electric fields due to a high
free carrier concentration in this heterostructure. The electric field due to
the excess of charge superimposes on the built-in electric fields inside the
QW, resulting in screening of the polarization fields. Reduction of the total
electric field leads to a smaller separation of electrons and holes inside the
QW (a) and should reveal a faster time-decay of the PL in this well. Indeed,
experiments show that the decay of the QW recombination is about 0.629
ns and 0.976 ns for sample (a) and (b), respectively [11]. Therefore, our
suggestion of stronger free-carrier screening of the polarization field in the
QW (a) grown on the GaN buffer is in a good agreement with the time-decay
measurements.
In order to clarify the role of a background free carrier concentration, we
performed capacitance-voltage measurements in both QW samples [12]. In
the case of a non-uniform doping profile, the free carrier concentrations Ne
can be found from:
d
(
1/C2
)
dV
=
−2V
A2eε0εNe
(7.10)
where A is the Schottky-contact area, e is an elementary charge, and ε and
ε0 are dielectric constants. The measured doping profile is presented in
Fig. 7.7, where the depletion length is given by x = ε0εA/C.
First of all, there is a strong accumulation of carriers at the AlGaN/GaN
interfaces. Secondly, the total background carrier concentration is signifi-
cantly higher in the QW (a), grown on the GaN buffer. In fact, such high
carrier concentrations should screen the internal fields almost completely,
but we should note that these CV profiles were measured at room temper-
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Figure 7.7: Doping profiling of the single QWs (a) and (b) grown on
thick GaN and AlGaN buffers respectively.
ature, where all the donors are ionized. Therefore, a direct quantitative
calculation of the remaining screening effects at low temperatures is diffi-
cult. However, the CV measurements in our QW structures confirm a high
free carrier concentration in QW (a), which should lead to a partial screen-
ing of the polarization fields. The reason why the two samples, grown under
similar conditions but on different buffer layers, would contain such different
background concentrations is not clear at present, although it can be related
to a different nature of the buffers (GaN and AlGaN), that are known to
have different unintentional doping affinities.
7.6 Conclusions
Low temperature PL of Al0.13Ga0.87N/GaN single QWs grown on either a
GaN or an AlGaN buffer are presented. Both structures show pronounced
PL emission of the QW, of which the peak positions reflect the presence
of polarization-induced electric fields. The PL peak in the QW grown on
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AlGaN is stronger shifted to lower energy as compared to that of the QW
grown on GaN. This effect is attributed to screening of the built-in electric
field in the latter sample by the presence of sheet charges at the well/barrier
and barrier/buffer interfaces.
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Summary
Group III-nitrides have been considered a promising system for semiconduc-
tor devices since a few decades, first for blue- and UV-light emitting diodes,
later also for high-frequency/high-power applications. Due to the lack of na-
tive substrates, the recent progress in GaN-related (opto)electronic devices is
primarily based on improvement of the structural and morphological quality
of heteroepitaxially grown III-nitride layers. However, the lattice mismatch
and different expansion coefficients of the epilayer and substrate generally
cause a high density of defects and a biaxial strain in the heteroepitaxial
layer, changing its basic structural and optical properties. Therefore, it is
important not only to master the GaN growth on such technologically in-
teresting substrates as sapphire, silicon or SiC, but also to characterize and
interpret the properties of the resulting material. Some of the features, e.g.
a strong piezoelectricity and polarity-related effects, differ considerably from
those of other intensively studied III-V materials. This makes understanding
and fabrication of the GaN-based devices extremely challenging, although
it also creates new bright opportunities. Besides heteroepitaxial material, a
very limited supply of small single-crystal GaN substrates, grown from a so-
lution of atomic nitrogen in liquid gallium under high nitrogen pressure and
at high temperatures, enables studies of basic properties of homoepitaxial
GaN layers, which reveal outstanding optical and structural quality. These
homoepitaxial layers provide a unique opportunity to investigate polarity-
related effects, defect formation and impurity incorporation efficiencies. Ad-
ditionally, the recently developed growth of 300−400 µm thick GaN films
by hydride vapor-phase epitaxy brings new perspectives for the fabrication
of native substrates in the future.
The present thesis was aimed to gain more insight into fundamental
properties of nitrides, particularly emphasizing on the remaining problems
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and challenges in the application areas, of which a short overview is given in
Chapters 1&2. Most experiments described in this thesis were performed us-
ing photoluminescence (PL) spectroscopy and optical reflectance techniques
(discussed in Chapter 3), in order to study the electronic structure, impuri-
ties/defects, and piezoelectric/spontaneous polarization in nitrides.
Some new approaches to the metal-organic chemical vapor deposition
of GaN on sapphire and silicon substrates are presented in Chapter 4. An
improvement of the optical and structural properties of the GaN epilayers
grown on sapphire was achieved by an in situ silane treatment of the sapphire
substrate during 100 seconds just before the deposition of the buffer layer.
A blue-shift of the band-edge luminescence peaks demonstrates an increased
strain in the GaN as consequence of a reduction of the dislocation density,
which is also consistent with photo-etching experiments. The FWHM of the
exciton-related PL lines decreased down to 4 meV and the intensity of the
band-edge luminescence increased considerably. Remarkable improvements
in the quality of GaN films grown on a Si(111) substrate were achieved using
a SiN intermediate layer deposited after the growth of 1 µm GaN layer. The
FWHM of the donor bound exciton transition was found to decrease from
17 meV (standard growth) to 10 meV.
Investigation of polarity-related effects studied on homoepitaxial films
grown on GaN single crystal substrates, is described in Chapter 5. In con-
trast to broad PL emission in exact (0001) films, narrow bound and free ex-
citon lines were observed in N-polar layers deposited on vicinal substrates. A
Secondary Ion Mass Spectrometry (SIMS) analysis of unintentionally incor-
porated impurities shows that a high background free electron concentration
in the N-polar epilayers results from oxygen incorporation, which is shown
to be a dominant shallow donor in the studied layers. However, substrate
misorientation of few degrees appears to inhibit this unintentional doping
considerably, leading to the drastic improvement of the optical properties
of the N-face layers (FWHM of the bound-exciton lines ∼ 1−2 meV). Ow-
ing to this unique opportunity to compare the homoepitaxial samples of
both polarities, different affinities of the N- and Ga-face layers to impurity
incorporation and generation of intrinsic defects are revealed.
Chapter 6 presents photoluminescence and reflectance measurements on
thick GaN films grown by hydride vapor-phase epitaxy, which show narrow
free and bound exciton transitions (2−3 meV). Quenching of acceptor bound
exciton peaks was observed with increasing film thickness in the range of
3.5−400 µm. Changes in the PL features appear to be independent of im-
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purity concentrations, as measured with SIMS, and dislocation densities,
obtained with photo-etching. Therefore, the observed acceptor levels were
assigned to intrinsic defects originating from the substrate/layer interface
and decreasing in density with the thickness of the film.
Finally, low temperature PL experiments on two AlGaN/GaN single
quantum wells (QWs), pseudomorphically grown on either a GaN or an Al-
GaN buffer layer, are discussed in the last chapter. Both structures show
pronounced PL emission of the QW, of which the peak positions reflect the
presence of polarization-induced electric fields. The PL peak in the QW
grown on AlGaN is stronger shifted to lower energy as compared to that of
the QW grown on GaN, contrary to what one could expect from straight-
forward estimation of the built-in polarizations. This effect is attributed to
screening of the built-in electric field in the latter sample due to a higher
free carrier concentration.
108 Summary
Samenvatting
Sinds een aantal jaren worden groep III-nitrides beschouwd als een veel-
belovend materiaalsysteem voor de halfgeleiderindustrie; aanvankelijk alleen
voor de productie van blauwe en UV light emitting diodes (LEDs), later
ook voor hoge-frequentie / hoog-vermogen toepassingen. Vanwege het ge-
brek aan GaN substraten is vooruitgang in opto-elektronishe eigenschappen
van III- nitrides voornamelijk gestoeld op voortdurende verbetering van de
kristal- en oppervlaktekwaliteit van heteroepitaxiale III-N lagen. Het ver-
schil in roosterconstante en thermische uitzettingscoe¨fficie¨nt tussen de epi-
laag en het substraat veroorzaakt een hoge defectdichtheid en een biaxiale
spanning in deze lagen. Hierdoor veranderen de oorspronkelijke kristallo-
grafische en optische eigenschappen. Het is daarom van groot belang dat niet
alleen de groei van GaN op diverse ”vreemde” substraten, zoals saffier, sili-
cium of SiC wordt geoptimaliseerd, maar dat daarnaast ook de bijbehorende
materiaaleigenschappen bestudeerd worden. Bovendien verschillen sommige
materiaaleigenschappen, zoals bijvoorbeeld pie¨zo-elektrische en polariteits
gerelateerde effecten, sterk van die van de uitputtend bestudeerde conven-
tionele III-V halfgeleiders wat leidt tot nieuwe mogelijkheden voor toepassin-
gen. Behalve bovengenoemde heteroepitaxiale lagen, worden ook in beperkte
mate homoepitaxiale GaN lagen gegroeid op kleine GaN e´e´nkristallen, die
worden geproduceerd vanuit een oplossing van atomair stikstof in vloeibaar
gallium onder hoge temperatuur en stikstofdruk. Homoepitaxiale lagen ver-
tonen veel betere optische en structurele eigenschappen, wat het mogelijk
maakt om fundamentele effecten zoals de invloed van de polariteit, de aard
van verontreiniging of de inbouw van defecten in GaN te bestuderen. Voor
de toekomstig productie van GaN substraten vormt de recentelijke vooruit-
gang in de groei van 300-400 µm dikke GaN lagen met behulp van hydride
vapour-phase epitaxie een geweldig mogelijkheid.
109
110 Samenvatting
In dit proefschrift worden de fundamentele eigenschappen van nitrides
onderzocht met nadruk op de problemen en uitdagingen betreffende opto-
elektronische toepassingen waarvan een samenvatting wordt gegeven in hoofd-
stuk 1. De elektronische, optische en kristallografische eigenschappen van
GaN worden ge¨ıntroduceerd in hoofdstuk 2. De experimenten die in dit
proefschrift worden beschreven maken gebruik van fotoluminescentie (PL)
en reflectie spectroscopie (hoofdstuk 3) en hebben als doel om de elektro-
nische structuur, het effect van verontreinigingen en defecten, maar ook
pie¨zo-elektrische en spontane polarisatie in III-nitrides te onderzoeken.
In hoofdstuk 4 worden nieuwe groeimethoden voor metalorganic che-
mical-vapour depositie van GaN op saffier en silicium substraten gepresen-
teerd. Een in-situ silaan behandeling van het saffier substraat gedurende
100 seconden voor de groei van de GaN bufferlaag heeft geresulteerd in een
aanzienlijk verbetering van de optische en kristallografische eigenschappen
van deze GaN epilagen. De bandkant fotoluminescentie vertoont een ver-
schuiving naar hogere energie, wat wijst op een vermindering van de dislo-
catiedichtheid en is in overeenkomst met foto-ets experimenten. De breedte
van de exciton spectraallijnen reduceert tot 4 meV bij een toenemende in-
tensiteit. Epilagen gegroeid op Si(111) substraat vertonen een opmerkelijke
verbetering door het introduceren van een SiN tussenlaag na de groei van
een 1 µm dikke GaN laag. De piekbreedte van de donor-gebonden exciton
overgangen werd substantieel verlaagd tot 10 meV in vergelijking tot 17
meV verkregen voor epilagen geproduceerd met het standaard groeiproces.
De afhankelijkheid van de materiaaleigenschappen van de polariteit in
homoepitaxiaal GaN wordt onderzocht in hoofdstuk 5. In tegenstelling tot
de brede PL emissie lijnen van exacte N-kant lagen, worden scherpe gebon-
den en vrije exciton pieken waargenomen in GaN preparaten van dezelfde
polariteit, mits gegroeid op de misgeorie¨nteerde substraten. Secondary Ion
Mass Spectrometry (SIMS) analyse van de verontreinigingen in dit materi-
aal toont aan dat de hoge ladingsdragers concentratie in de N-kant epilagen
afkomstig is van ingebouwd zuurstof, de dominante donor in de bestudeerde
lagen. De groei van epilagen op een substraat met een misorie¨ntatie van een
paar graden reduceert deze verontreiniging drastisch en leidt tot een signif-
icante verbetering van de optische eigenschappen (bandkant luminescentie
lijnen met een breedte van ∼ 1−2 meV). Door homoepitaxiale preparaten
van beide polariteiten te vergelijken, wordt het verschil in de inbouw van
onzuiverheden en het voorkomen van defecten in lagen van verschillende
polariteit aangetoond.
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Hoofdstuk 6 presenteert fotoluminescentie en reflectiemetingen aan dik-
ke GaN lagen gegroeid met behulp van hydride vapour-phase epitaxie. De
lijnbreedte van de optische overgangen in deze lagen is erg klein (2-3 meV).
Gebleken is dat de intensiteit van de acceptor gebonden exciton recombi-
natie afneemt met toenemende laagdikte (van 3.5 tot 400 µm). Deze ve-
randeringen in de luminescentie eigenschappen zijn onafhankelijk van de
concentratie onzuiverheden en de dislocatiedichtheid, die werden bepaald
met behulp van SIMS en foto-etsen. Hieruit kan geconcludeerd worden dat
het gemeten niveau van acceptoren toegewezen kan worden aan intrinsieke
defecten waarvan de dichtheid afneemt met toenemende laagdikte.
In het laatste hoofdstuk worden de resultaten beschreven van fotolumi-
nescentie experimenten aan AlGaN/GaN kwantumputten (QW’s) die pseu-
domorf gegroeid zijn op dikke GaN of AlGaN buffers. Beide structuren ver-
tonen een sterk fotoluminescentie signaal van de QW’s waarbij de energie
positie van de spectraallijnen afhankelijk is van de polarisatie-ge¨ınduceerde
elektrische velden. De PL lijn van de kwantumput gegroeid op AlGaN ligt
lager in energie dan die van de QW op GaN. Dit verrassende resultaat kan
verklaard worden door een hoge ladingsdragers concentratie in het laatstge-
noemde preparaat, wat het interne polarisatie-ge¨ınduceerde elektrische veld
afschermt.
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